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Yancheng Vocational  
Institute Of Industry  
Technology

盐城工业职业技术学院

1 About Yancheng
Yancheng is a cultural city with a history of two thou-
sands years, and it is the cradle of Huai Opera, the home-
town of rare animal elk and red-crowned crane.

2 About Yancheng Vocational Institute  
of Industry Technology
Yancheng Vocational Institute of Industry Technology is 
located in the eastern wetland city with 53 years of histo-
ry, now it is a model higher vocational college in Jiangsu 
province, the construction area is more than 200 thou-
sands square meters, total asset is about 500 million 
Yuan, the experimental instruments and equipment worth 
100 million Yuan. The number of students in school is 
8000; the faculty members have strong business ability, 
high teaching level, 40% teachers have the ability of bi-
lingual teaching both Chinese and English.

School motto:  Living on Occupation,  
 Serving by Specialty

School Spirit:  Harmony, Truth and Innovation

Teaching Style:  moral, Knowledgeable  
 and Professional

Learning Style:  Sensible, Diligent and Practical

1 关于盐城

盐城是一座具有两千余年历史的文化古
城，一座沿海湿地城市，是淮剧的发源
地，也是珍稀动物丹顶鹤和麋鹿的故乡。

2 关于盐城工业职业技术学院

盐城工业职业技术学院，坐落于这座东方
湿地之都，她有着53年的办学历史，是江
苏省示范性综合型高等职业学院，学校建
筑面积20多万平方米，资产总值5亿多人民
币，实验、实践仪器设备总值1亿多元。
在校学生人数8000多人，拥有一支业务能
力强、教学水平高、技术技能精的师资队
伍，其中40%的教师具备中英文双语教学的
能力。

校训：职业立身  技术报国
校风：和谐  求实  创新
教风：厚德  博学  精艺
学风：明理  勤学  践行

В рамках украинско-китайского сотрудничества представляем нашего 
партнера – Институт промышленных технологий (Янчень, Китай)
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4 The Secondary College
Now it has 42 majors and 7 Colleges: Automobile En-
gineering, Mechanical and Electrical Engineering, Con-
struction Engineering, Textile and Clothing, Chemical 
Pharmaceutical, Art Design, Economic and Trade Man-
agement.

3 Established International Cooperation
Our college has successively established cooperation 
with Ukraine Admiral Makarov National University of 
Shipbuilding, Vision University of South Korea, and 
College of the North Atlantic and Lambton College of 
Canada.

4 二级学院介绍

现有汽车工程、机电工程、建筑工程、纺
织服装、化学制药、艺术设计、经贸管理7
个二级学院，开设专业42个。

3 开展的国际合作与交流

学校先后与乌克兰马克洛夫国立造船大
学、韩国全州VISION大学，加拿大北大西
洋学院、莱姆顿学院，等多所国外高校开
展国际合作，面向“一带一路”沿线国家
招收留学生。
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(1) COLLEGE Of AUTOmOBILE ENGINEERING 

It has automobile and machinery two major groups, six 
majors in all, including one national key major and one 
model major of Jiangsu province. Full-time teachers 
who have doctor & master’s degree account for 65%, 
and the teachers with engineering qualification account 
for 85%, the students won the first prize twice, second 
prize five times, third prize over 10 times in the national 
vocational skills contest.
(2) COLLEGE Of mECHANICAL AND ELECTRICAL 
ENGINEERING 

This School has Mechanical and electrical technology 
and automatic control two major groups, six majors in 
all, including one key major of Jiangsu province. Full-
time teachers with doctor & master’s degree account for 
75%, the teachers with engineering qualification account 
for 81%, students won the first and second prizes over 
10 times in the national vocational school skills contest.

（1）汽车工程学院

汽车工程学院设有汽车与机械两大专业
群，共设有6个专业，其中国家重点专业（
汽车技术服务与营销）1个，江苏省示范专
业1个。专任教师博士、硕士占65%，具备
工程师资质的教师占85%，学生参加全国职
业院校技能大赛，获一等奖2项、二等奖5
项、三等奖10多项。

（2）机电工程学院

机电工程学院设有机电技术与自动控制两
个专业群，共设6个专业，其中江苏省重点
专业1个。专任教师博士、硕士占75%，具
备工程师资质教师占81%，学生参加全国职
业院技能大赛，获一二等奖10多项。

(3) COLLEGE Of CONSTRUCTION ENGINEERING 

This College has Architectural Engineering Technology 
and engineering management two major groups, 5 ma-
jors in all. Full-time teachers with doctor & master’s 
degree account for 92%, the teachers with engineering 
qualification account for 75%, and two experts in build-
ing materials and geotechnic, students won the first and 
second prizes more than 10 times in the national voca-
tional school skills contest.
(4) COLLEGE Of TEXTILE AND CLOTHING 

This College has modern textile technology and cloth-
ing two major groups, total six majors, including one 
national key major, one model major and two specialty 
majors of Jiangsu province. Full-time teachers with doc-
tor & master’s degree account for 72%, and the teachers 
with engineering and designing qualification account for 
91%, the students won the first prize more than ten times, 
second and third prize more than 20 times.

（3）建筑工程学院

建筑工程学院设有建筑工程技术与工程管
理两个专业群，共设5个专业。专任教师博
士、硕士占92%，具备工程师资质教师占75%
，建筑材料与岩土专家2人，学生在全国职
业院校技能大赛中获得各类奖项10多项。

（4）纺织服装学院

纺织服装学院设有现代纺织技术与服装工
艺两个专业群，共设6个专业，其中国家重
点专业（纺织品检验与贸易）1个，江苏省
示范专业（现代纺织技术）1个，江苏省特
色专业（现代纺织技术、服装设计）2个。
专任教师博士、硕士占72%，具备工程师与
设计师资质教师占91%，学生参加全国职业
院校技能大赛，获一等奖10多项、二三等
奖20余项。
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(5) COLLEGE Of CHEmICAL PHARmACEUTICAL 

This College has application of chemical and pharma-
ceutical chemicals two major groups, total six majors, 
including one national key major and one specialty ma-
jor of Jiangsu province. Full-time teachers with doctor & 
master’s degree account for 77%, and the teachers with 
engineering qualification account for 80%, the students 
won the first prize three times, second and third prize 
more than 20 times.
(6) COLLEGE Of ART DESIGN 

It has art and landscape design two major groups, total 
seven majors, including one national key major and one 
specialty major of Jiangsu province. Full-time teachers 
with doctor & master’s degree account for 62%, and 
the teachers with engineering & designing qualification 
account for 85%, the students won the first or second 
prize more than 30 times.
(7) COLLEGE Of ECONOmIC AND TRADE  
mANAGEmENT 

It has finance and management two major groups, to-
tal six majors, including one specialty major of Jiang-
su province. Full-time teachers with doctor & master’s 
degree account for 72%, and the teachers with accoun-
tant & economist qualification account for 85%, the stu-
dents won the first prize 3 times and the second or third 
prize more than 20 times in national vocational skills 
contest.

（5）化学制药学院

化学制药学院设有应用化工与化学制药两
个专业群，共设有6个专业，其中江苏省重
点专业1个，江苏省特色专业1个。专任教
师博士、硕士占77%，具备工程师资质教师
占80%，学生参加全国职业院校技能大赛，
获一等奖3项、二三等奖10多项。

（6）艺术设计学院

艺术设计学院设有艺术与景观设计两个专
业群，共设7个专业，其中江苏省重点专业
（创意设计）1个，江苏省特色专业1个。
专任教师博士、硕士占62%，具备工程师与
设计师资质教师占85%，学生参加全国职业
院校技能大赛，获得一二等奖30余项。

（7）经贸管理学院

经贸管理学院设有财经与管理两个专业
群，共设6个专业，其中江苏省特色专业1
个。专任教师博士、硕士占72%，具备会计
师与经济师资质教师占85%，学生参加全国
职业院校技能大赛，获得一等奖3项、二三
等奖20余项。
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5 Characteristics of Yancheng Vocational 
Institute of Industry Technology
Innovating the college running system, taking the lead in 
setting up the school board, and constructing the system 
of government, industry, school and enterprise 4-side co-
operation.
Innovating the education mode, explored and formed 
a Four Double education mode, which is double chain 
docking, double teaching integration, double certificate 
integration and double culture interaction.
Innovate the education system, establish a "student ori-
ented, students can be taught" educational philosophy, 
explore the "skill menu" education system, through 
the common designed skills menu, realize students’ OR-
DER for their occupation development, and enterprises 
PAY for their professional training.
Innovative education culture, adhere to the college cul-
ture and enterprise culture, industry culture, regional cul-
ture organic integration and cultivation, forming a "real-
istic" culture.
Innovative service carrier, and strive to build four ser-
vice platforms, including scientific and technological re-
search and development, staff training, entrepreneurship 
training and resource sharing.
Innovative education characteristics, committed to train-
ing talents with "five real" characteristics, which are hon-
est behaves, pragmatic ideal, solid skills, steady work, 
excellent innovation.

6 Development prospects  
of Yancheng Vocational Institute  
of Industry Technology
We aim to build a number of domestically leading, 
first-class high-level majors in the province. Profes-
sional construction has achieved breakthrough progress. 
We’ve made a significant achievement on overall level of 
professional quality, and the comprehensive strength of 
the school has improved significantly.
Build a high level excellent double-qualified teachers 
team. The formation of high-level talent echelon, with 
a group of excellent "double teacher" teacher and "coach 
type" teaching masters, has a group of outstanding re-
search team, so that the school has become a support for 
regional development talent base.

5 盐城工业职业技术学院办学特色

创新办学体制，率先成立学校理事会，构
建了政行校企四方合作办学体制机制。

创新育人模式，探索形成了具有自身特色
的“双链对接、双教融合、双证融通、双
元互动”的“四双”育人模式。

创新育人机制，树立“以生为本、生生皆
可成才”的育人理念，探索“技能菜单”
育人机制，通过校企共同设计技能菜单，
实现学生为自己的职业发展点单，企业为
学校的人才培养买单。

创新育人文化，坚持将学校文化与企业文
化、行业文化、地域文化有机融合，培育
形成了“求实”文化。

创新服务载体，全力构建科技研发、员工
培训、创业训练、资源共享四大服务平
台。

创新育人特质，致力于培养“为人诚实、
理想务实、技能扎实、工作踏实、创新笃
实”的“五实”人才。

6 盐城工业职业技术学院发展愿景

建成一批国内领先、省内一流的高水平专
业。专业建设实现突破性进展，专业整体
水平实现质的跃升，学校的综合实力显著
提升。

打造一支高水平优秀双师型师资队伍。形
成高层次人才梯队，拥有一批优秀“双师
型”教师与“教练型”教学名师，拥有一
批优秀科研团队，使学校成为支撑区域发
展的人才高地。
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Construct the first-class technical talents training 
system in the province. The key indicators of talent 
training quality are in the forefront of the province, and 
a group of outstanding alumni have been trained to make 
the school an important base for the construction of re-
gional human resources.
Form the scientific and technological innovation and 
service ability with significant contribution. Carry out 
the forward-looking research of production, learing and 
research, to form a number of significant results of sym-
bolic impact, and to establish an irreplaceable position in 
the regional key construction industry and key develop-
ment areas.
Explore the modern university system with our own 
characteristics. Establish the internal governance struc-
ture of academic power and administrative power in co-
ordination with each other. Form a school system with 
multi participation and interaction with society. To form 
an efficient, orderly, open, transparent, standardized and 
self-disciplined school system.

Yancheng is a place to open your heart. 
Welcome to visit Yancheng Vocational 
Institute of Industry Technology!

构建省内一流的技术技能人才培养体系。
人才培养质量关键指标位于省内前列，培
养出一批杰出校友，使学校成为区域人力
资源建设的重要基地。

形成贡献显著的科技创新与服务能力。开
展产学研前瞻性研究，形成一批重大影响
的标志性成果，在区域重点建设行业和关
键发展领域中确立不可替代的地位。

探索具备自我特色的现代大学制度。建立
学术权力和行政权力相互协调、相互支撑
的学校内部治理结构。形成多方参与、与
社会有机互动的办学体制。形成高效有
序、公开透明、规范自律的办学机制。

盐城是一个让人打开心扉的地方，欢迎到
盐城工业职业技术学院做客！

EDUCATION IN CHINA

Yancheng Vocational Institute of Industry Technology

STUDENT EXCHANGE AND ACADEmIC mOBILITY

Консультация: Главный корпус НУК (пр. Героев Украины, 9, каб. 212)
специалист 1-й категории УНЦМС НУК Мариняк Екатерина викторовна 

моб.: (093) 414-83-16, e-mail: kateryna.maryniak@gmail.com 
часы консультаций: 10:00 – 12:00

Ukraine International Students study in the three-year program:

• Hotel management 
• mechanical and Electrical Industry 
• Architectural Technology, Business management 
• Art of Design and Textile Garments

with programme
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DESIGN OF MULTI-PARAMETER WATER QUALITY 
DETECTION SYSTEM BASED ON ATMEGA128
DOI 10.15589/SmI20170201

Yao Yueqin  undergraduate, associate professor,  
  Bachelor of Automation
  553053001@qq.com

Yancheng Institute of Industry Technology, Yancheng City, Jiangsu 224005, PR China

Abstract. In order to build an efficient multi-parameter system of water quality detection, 
this paper proposes a system with ATMEGA128 as the processor and each sensor selected 
according to the actual needs. The designed system can solve the problems including single 
measurement parameter and poor accuracy of the current water quality measurement, which 
is of great significance to the coal mine, hydrogeology and water environment monitoring.
Keywords: water quality; multiple parameters; ATMEGA128; sensors.
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Problem statement. With the develop-
ment of economy, the utilization of water 
resources and water environment has been 
paid more and more attention, and the online 
detection system of water quality parameters 
has been widely used. The water quality de-
tection system is indispensable to the moni-
toring of water pollution in coal mines, the 
exploration research of hydrogeology, or the 
regular water environment monitoring. How-
ever, at the present stage, the water quality 
detection system is mostly single measure-
ment, which means that only one water pa-
rameter is monitored. The number of multi-
parameter measuring equipment is small, and 
their accuracy is poor.

In this paper, a multi-parameter detection 
system based on ATMEGA128 is proposed, 
which can effectively carry out multi-pa-
rameter water quality detection. The system 
detects water temperature, pH value and con-
ductivity at the same time, can provide con-
venience for various studies, and will be an 
important part of development of the water 
parameters measuring equipment in the fu-
ture.

Basic material

 1. General structure
In this paper, ATMEGA128 Single Chip 

Microcomputer is used to detect multiple pa-
rameters of water quality, such as the temper-
ature, pH and conductivity, at the same time. 
The system consists of the temperature sen-
sor circuit, the pH sensor circuit, the conduc-
tivity sensor circuit, the amplification circuit, 
and ATMEGA128 single chip microcom-
puter. The water parameters are detected by 
the corresponding sensor, and the fine current 
is produced, which is amplified by the am-
plification circuit and sent to ATMEGA128 
for processing, so that corresponding value 
is obtained. The general structure diagram of 
the system is shown in Fig. 1.

 2. Selection of microprocessor
In order to provide information more 

quickly, the ATMEGA128 developed by AT-
MEL is used as the core processor in this sys-
tem. It has the characteristic of 1 MIPS/MHz 
processing speed due to the RISC instruction 
set. Inside the ATMEGA128 chip, there are 
8 channel ADC modules integrated. The pre-
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cision can be up to 10 bits, and 4-way differential input 
increases the stability of the input signal. Furthermore, 
its internal timer has not only the function of timing and 
counting, but also other powerful functions of capturing 
interrupts, PWM waveform output, etc. These character-
istics are not comparable to other processors.

 3. Circuit design of sensor

  3.1. Design of temperature module
Temperature is the most common and important pa-

rameter of a water source, moreover, other parameters 
are directly or indirectly affected by it, so a fast and ac-
curate temperature module is indispensable. Considering 
the influence of the water pH, the waterproof, rust-proof 
and corrosion-resistant DS18B20 temperature sensor is 
selected in this module. DS18B20 produced by DAL-
LAS is a fully digital temperature conversion and output 
sensor, and its advanced single bus communication can 
greatly reduce the number of microprocessor pins used. 
The conversion accuracy can reach ±0.5°C due to its 
12 bits data resolution. DS18B20 has two kinds of power 
supply: parasitic and external. Under parasitic power 
supply, the circuit will “steal” energy when the I/O or 
VDD pins are at a high level, so a strong pull to the I/O 
line should be provided, and the complexity of circuit de-
sign will be increased. Therefore, external power supply 
is used in the design, as shown in Fig. 2. The advantage 
of this mode is that it does not require a strong pull to the 
I/O line, and the bus controller does not have to always 
maintain a high level during temperature conversion. In 
this case, other data can be allowed to be exchanged on 
the single bus during the transition.

  3.2. Design of pH sensor module 
When a glass electrode is immersed in the tested 

solution, both sides of the glass membrane contact with 
internal constant pH buffer solution and the tested solu-
tion, respectively. Hydration on the interactional surface 
can form a hydration layer, and H+ of the solution ex-
changes ions with it, so the interfacial potentials φ1 and 
φ2 are generated. According to the nienster formula, the 
membrane potential is set to ΔφM , and the formula is as 
follows:

ΔφM = φ1 – φ2 = 0.059lg (αH+ 
test /αH+ inside )

Since the pH value of the internal buffer solution of 
the glass electrode is fixed, the pH value of the tested 
solution can be determined by using the reference elec-
trode to measure ΔφM. In fact, due to the influence 
of glass material, thickness and conditions of the pro-
cess (heat treatment), ΔφM is not equal to zero when  
αH+ 

test = αH+ inside. There are still several mV, which we call 
asymmetric potential. The actual conversion formula is:

ΔφM = Ea + 0.059 lg(αH+ 
test /αH+ inside )

The E-201-C composite electrode pH sensor pro-
duced by Shanghai Leici is selected for this system. The 
electrode of the sensor has two output pins: PH+ and PH–.
When pH value of the tested water is less than 7, the sen-
sor output signal is negative, and it can not be sampled 
by MCU. PH– is the reference electrode, the value of 
which is expected to be half of power supply voltage in 
the actual circuit, and PH+ is the measuring electrode, the 
pin of which is a sampling pin of MCU for AD sampling. 
The design requirement of this module is that when pH 
value of the tested water is 7, the output voltage of circuit 
should be around 2.5V, when pH value of the tested wa-
ter is less than 7, the output voltage of circuit should be 
0 ~ 2.5 V, and when pH value of the tested water is greater 
than 7, the output voltage of circuit should be 2.5 ~ 5 V, 
so that MCU can identify the sampling signal. In Fig. 3, 
the first amplifier is proportional follower, noninverting 
input of which is connected to the voltage regulator mod-
ule by a potentiometer. The voltage regulator module 
consists of resistance R28 and regulator chip TL431C. 
By adjusting the potentiometer R29, the output voltage 
of pin 7 of LM324 can be set between 0~5V. The output 
voltage is expected to be set around 2.5V in the practical 
measurement, so that the PH+ relative to PH– voltage can 
be guaranteed to be not negative. The second amplifier is 

Fig. 2. Temperature measurement circuit

Fig. 1. General structure diagram
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temperature, pH value and conductivity at the same time, can provide convenience for various 
studies, and will be an important part of development of the water parameters measuring equipment 
in the future. 

 
BASIC MATERIAL 

1. General structure 
In this paper, ATMEGA128 Single Chip Microcomputer is used to detect multiple 

parameters of water quality, such as the temperature, pH and conductivity, at the same time. The 
system consists of the temperature sensor circuit, the pH sensor circuit, the conductivity sensor 
circuit, the amplification circuit, and ATMEGA128 single chip microcomputer. The water 
parameters are detected by the corresponding sensor, and the fine current is produced, which is 
amplified by the amplification circuit and sent to ATMEGA128 for processing, so that 
corresponding value is obtained. The general structure diagram of the system is shown in Fig. 1. 

 
Fig. 1. General structure diagram 

2. Selection of microprocessor 
In order to provide information more quickly, the ATMEGA128 developed by ATMEL is 

used as the core processor in this system. It has the characteristic of 1 MIPS/MHz processing speed 
due to the RISC instruction set. Inside the ATMEGA128 chip, there are 8 channel ADC modules 
integrated. The precision can be up to 10 bits, and 4-way differential input increases the stability of 
the input signal. Furthermore, its internal timer has not only the function of timing and counting, but 
also other powerful functions of capturing interrupts, PWM waveform output, etc. These 
characteristics are not comparable to other processors. 

3. Circuit design of sensor 
3.1. Design of temperature module 
Temperature is the most common and important parameter of a water source, moreover, 

other parameters are directly or indirectly affected by it, so a fast and accurate temperature module 
is indispensable. Considering the influence of the water pH, the waterproof, rust-proof and 
corrosion-resistant DS18B20 temperature sensor is selected in this module. DS18B20 produced by 
DALLAS is a fully digital temperature conversion and output sensor, and its advanced single bus 
communication can greatly reduce the number of microprocessor pins used. The conversion 
accuracy can reach ±0.5°C due to its 12 bits data resolution. DS18B20 has two kinds of power 
supply: parasitic and external. Under parasitic power supply, the circuit will “steal” energy when the 
I/O or VDD pins are at a high level, so a strong pull to the I/O line should be provided, and the 
complexity of circuit design will be increased. Therefore, external power supply is used in the 
design, as shown in Fig. 2. The advantage of this mode is that it does not require a strong pull to the 
I/O line, and the bus controller does not have to always maintain a high level during temperature 
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The operation resides in applying a certain voltage on 
both ends of the electrode, and then measuring the out-
put current. In order to make the positive and negative 
charge in the solution accumulate on the electrode for 
not a long time and avoid affecting the measuring preci-
sion, the voltage applied to both ends of the electrode 
must be PWM wave, the frequency of which is around 
100 Hz. The PWM circuit diagram is designed as shown 
in Fig. 5.

In Fig. 5, CD4051 is the multichannel selective 
switch chip, which can select from X0~X7 to connect 
to pin X according to the different combination of A, B, 
C pins. The high/low level of PWM waveform output is 
required to lie within ±5V in this module, so pin X0 and 
pin X1 are connected to the +5V zener diode and the -5V 
zener diode, respectively. Pin B and pin C are connected 
to the ground, and pin PE5 of the MCU can control pin 
A of CD4051. When pin PE5 is at the low level, X is 
connected with X0 channel, and the output level is +5V. 
When pin PE5 is at a high level, X is connected with X1 
channel, and the output level is -5V. Therefore, the corre-
sponding PWM waveform can be obtained at pin X, just 
requiring a periodic high/low level output of pin PE5.

3. In order to meet the demand of different ranges 
and improve the measuring precision of the instrument, a 
switch range circuit is designed in this module as shown 
in Fig. 6. Pin CELL2 is the output voltage signal of the 
conductivity sensor; it is connected to pin X0~X3 of 
CD4052 through four different resistances. CD4052 and 
CD4051 have the same function, and the difference be-
tween them is just that CD4052 has a two-channel sig-
nal (X and Y). Only the X channel is used in this design 
through setting A and B ports in CD4052. The latter are 
connected to pin PC2 and PC3 of the MCU, so anyone 
of the X0~X3 channels can be selected by pin PC2 and 
PC3.

In Fig. 6, pin CELL2 of CD4052 is also connected to 
the LM324 amplifier’s pin 2, which is the reverse input 

a proportional one, amplifying the millivolt voltage sig-
nal coming from the PH+. After amplification, the signal 
is transmitted to the ADC3 sampling channel of MCU.

Through the relevant information, we can learn 
that the electrical conductivity of the mine water inrush 
quality is in the range of 0 ~ 20000 μs/cm. Thus, the  
CM-230 conductivity sensor produced by Shanghai 
Chengci Electronics Co. is chosen in this module to meet 
its requirements.

  3.3. Design of conductivity module
The design of the conductivity meter includes four 

aspects:
1. Design of the instrument interface circuit. The 

CM-230 conductivity sensor has four lead wires. Pin 1 
(CELL1) and pin 2 (CELL2) are used to measure the in-
put and output voltage. Pin 3 and pin 4 are the power pin 
and the ground pin. In general, the interface circuit is 
designed as shown in Fig. 4.

2. The measuring principle of the conductivity sen-
sor indicates that the sensor electrode measures the quan-
tity of charge in the solution, i.e. the amount of current. 

Fig. 5. PWM waveform output circuitFig. 4. Sensor and control board interface circuit

Fig. 3. pH sensor circuit
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pin of the first amplifier in the chip. Meanwhile, pin X 
of CD4052 is connected to the LM324 amplifier’s pin 1, 
which is the output pin of the first amplifier in the chip. 
According to the amplifier’s working principle, the out-
put voltage of the amplifier’s pin 1 is different, as the 
resistance value of R10~R13 is selected differently. In 
the light of electrical conductivity range of the tested 
solution, different resistances are selected to avoid the 
amplified voltage saturation and to achieve the goal of 
widening the switch range.

4. Waveform shaping and signal amplification. This 
part is the core of the conductivity module design. As 
stated above, the X channel of CD4051 outputs the 
PWM waveform; its frequency is around 100 Hz, and the 
fluctuation amplitude is ±5V. After this waveform goes 
through the conductivity sensor, pin CELL2 can get an 
output voltage, which is also the PWM waveform around 
100 Hz. Only the amplitude of the waveform drops to 
the millivolt level. As is generally known, the ADC sam-
pling pin of MCU only can sample the positive voltage 
signal. Therefore, one impact of the circuit is amplify-
ing the output voltage of the conductivity sensor on pin 
CELL2. The amplification factor is determined by the re-
sistance value of R10~R13 in Fig. 6. Another function of 
the circuit is shaping the output PWM waveform on pin 
CELL2 and filtering the negative voltage signal to bring 
convenience for MCU sampling.

The first amplifier in Fig. 7 only serves as signal am-
plification. The second amplifier is combined with the 
D4 and D5 diodes to constitute the precision rectifying 
circuit, so that negative half-cycle signal of PWM wave-
form can not pass through this circuit. Finally, the recon-
structive signal is sent to the pin ADC1 sampling.

5. Software design
The software flow diagram is shown in Fig. 8. After 

the system is powered on, the initialization is performed 
first, and then the temperature, pH value and conductiv-
ity are collected; the data are then stored and processed.

CONCLUSIONS This paper provides a brief de-
scription of the design of ATMEGA128 used in the 
multi-parameter water quality measurement system for 
the first time. The main processor, as well as each sen-
sor, is selected according to the practical needs. Then the 
circuit is designed, and its parameters are calculated. The 
system based on ATMEGA128 designed in this paper 
manages to solve the problems of current water quality 
measurement (single parameter measurement, low preci-
sion, etc.) very well.

_____________
© Yao Yueqin

Статью рекомендует в печать 
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Fig. 8. Software flow diagram

Fig. 7. Signal amplification and shaping circuit

Fig. 6. PWM waveform output circuit

combine
half-cyc
signal is

5
T

initializ
the data

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Th
multi-pa
each se
paramet
solve th
precisio

The first a
ed with the
cle signal o
s sent to the

5. Software
The softwa
ation is per

a are then st

his paper p
arameter wa

ensor, is se
ters are calc
he problem
on, etc.) very

amplifier in
e D4 and D5
of PWM wa
e pin ADC1

e design 
are flow di
rformed firs
ored and pr

provides a 
ater quality 
lected acco
culated. Th

ms of curren
y well. 

n Fig. 7 onl
5 diodes to
aveform can
 sampling.

Fig. 7. Sign

iagram is s
st, and then 
rocessed. 

Fig

brief des
measureme

ording to th
he system b
nt water qu

ly serves a
constitute t

n not pass 

nal amplific

shown in F
 the temper

g. 8. Softwa

CONCL
scription of
ent system f
he practical
ased on AT
uality meas

s signal am
the precisio
through thi

cation and s
 

Fig. 8. Aft
rature, pH v

are flow dia
 

LUSIONS
f the desig
for the first 
l needs. Th
TMEGA128
surement (s

mplification.
on rectifying
is circuit. F

 
haping circu

ter the syst
value and co

agram 

gn of ATM
time. The m

hen the circ
8 designed 
single param

. The secon
g circuit, so

Finally, the 

cuit 

stem is pow
onductivity

MEGA128 
main proces
rcuit is des
in this pap
meter meas

nd amplifier
o that negat
reconstruct

wered on, 
y are collect

used in 
ssor, as well
igned, and 
er manages
surement, l

r is 
tive 
tive 

the 
ted; 

the 
l as 
its 

s to 
low 

combine
half-cyc
signal is

5
T

initializ
the data

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Th
multi-pa
each se
paramet
solve th
precisio

The first a
ed with the
cle signal o
s sent to the

5. Software
The softwa
ation is per

a are then st

his paper p
arameter wa

ensor, is se
ters are calc
he problem
on, etc.) very

amplifier in
e D4 and D5
of PWM wa
e pin ADC1

e design 
are flow di
rformed firs
ored and pr

provides a 
ater quality 
lected acco
culated. Th

ms of curren
y well. 

n Fig. 7 onl
5 diodes to
aveform can
 sampling.

Fig. 7. Sign

iagram is s
st, and then 
rocessed. 

Fig

brief des
measureme

ording to th
he system b
nt water qu

ly serves a
constitute t

n not pass 

nal amplific

shown in F
 the temper

g. 8. Softwa

CONCL
scription of
ent system f
he practical
ased on AT
uality meas

s signal am
the precisio
through thi

cation and s
 

Fig. 8. Aft
rature, pH v

are flow dia
 

LUSIONS
f the desig
for the first 
l needs. Th
TMEGA128
surement (s

mplification.
on rectifying
is circuit. F

 
haping circu

ter the syst
value and co

agram 

gn of ATM
time. The m

hen the circ
8 designed 
single param

. The secon
g circuit, so

Finally, the 

cuit 

stem is pow
onductivity

MEGA128 
main proces
rcuit is des
in this pap
meter meas

nd amplifier
o that negat
reconstruct

wered on, 
y are collect

used in 
ssor, as well
igned, and 
er manages
surement, l

r is 
tive 
tive 

the 
ted; 

the 
l as 
its 

s to 
low 

to conn
PWM w
connect
connect
at the lo
high le
correspo
output o

3
the instr
the outp
through
between
in this d
PC3 of t

I
the reve
the LM3
the amp
resistan
the teste
achieve 

module 
frequen
through
wavefor
generall
Therefo
pin CEL
Another
the nega

nect to pin X
waveform o
ted to the +
ted to the gr
ow level, X 
evel, X is 
onding PW
of pin PE5. 
3. In order 
rument, a sw
put voltage

h four differ
n them is ju
design throu
the MCU, s
In Fig. 6, pi
erse input pi
324 amplifi
plifier’s wo

nce value of
ed solution,
 the goal of

4. Wavefo
design. A

ncy is aroun
h the condu
rm around 
ly known, 

ore, one imp
LL2. The a
r function o
ative voltag

X according
output is re
+5V zener 
round, and 
is connecte
connected 

WM wavefor

to meet the
witch range

e signal of 
rent resistan
ust that CD4
ugh setting 
so anyone o
in CELL2 o
in of the fir
ier’s pin 1, 
orking princ
f R10~R13 
 different re

f widening t

Fig

orm shaping
As stated ab

nd 100 Hz
uctivity sens
100 Hz. On
the ADC s
pact of the 
amplification
of the circu
ge signal to b

g to the diff
quired to li
diode and 
pin PE5 of 

ed with X0 
with X1 

rm can be o

e demand o
e circuit is d
the conduc

nces. CD405
4052 has a t

A and B p
of the X0~X
of CD4052 
rst amplifier
which is th

ciple, the ou
is selected 
esistances a
the switch r

g. 6. Range 

g and signa
bove, the X
, and the f
sor, pin CE
nly the amp
sampling pi
circuit is am
n factor is d
it is shapin
bring conve

ferent comb
ie within ±
the -5V ze

f the MCU c
channel, an
channel, a

obtained at 

of different 
designed in
ctivity sens
52 and CD4
two-channe

ports in CD
X3 channels 

is also conn
r in the chip

he output pin
utput volta
differently.

are selected 
range. 

switching a

al amplifica
X channel 
fluctuation 
ELL2 can g
plitude of th
in of MCU
mplifying th
determined 

ng the outpu
enience for 

bination of 
±5V in this 
ener diode,
can control 
nd the outpu
and the ou
pin X, just

ranges and 
n this modul
or; it is co

4051 have t
el signal (X

D4052. The 
can be sele

nected to th
p. Meanwhi
n of the firs
ge of the a
. In the ligh
to avoid th

and signal a
 

ation. This 
of CD4051
amplitude 

get an outpu
he waveform

U only can 
he output v
by the resi

ut PWM wa
MCU samp

A, B, C pin
module, so
respectivel
pin A of C

ut level is +5
utput level 
t requiring a

improve th
le as shown

onnected to 
he same fun
and Y). On
latter are c

ected by pin 
he LM324 a
ile, pin X of
st amplifier 
amplifier’s p
ht of electri
e amplified

amplifying c

part is the 
1 outputs t
is ±5V. A
ut voltage, 
m drops to 
sample the

voltage of th
istance valu
aveform on 
pling. 

ns. The hig
o pin X0 an
ly. Pin B a

CD4051. Wh
5V. When p

is -5V. T
a periodic h

he measurin
n in Fig. 6. 
 pin X0~X
nction, and 
nly the X c

connected to
n PC2 and P
amplifier’s p
f CD4052 i
in the chip
pin 1 is di

ical conduct
d voltage sat

 
circuit 

core of the
the PWM w

After this w
which is a
the millivo

e positive v
he conducti
ue of R10~R

pin CELL2

gh/low level
nd pin X1 
and pin C 
hen pin PE5
pin PE5 is a
Therefore, 
high/low le

ng precision
Pin CELL2

X3 of CD40
the differen
hannel is us
o pin PC2 a
C3. 
pin 2, which
s connected
. According
fferent, as 
tivity range
turation and

e conductiv
waveform;

waveform go
also the PW
olt level. As
voltage sign
vity sensor 
R13 in Fig
2 and filter

l of 
are 
are 
5 is 
at a 
the 

evel 

n of 
2 is 
052 
nce 
sed 
and 

h is 
d to 
g to 
the 

e of 
d to 

vity 
its 

oes 
WM 
s is 
nal. 
on 

. 6. 
ring 



ИССлЕДОвАНИЯ И РАзРАБОТКИ

№2 (8) 2017smi.nuos.edu.ua    smi@nuos.edu.ua

14

DESIGN OF THE FUZZY METHANE CONCENTRATION 
CONTROL SYSTEM BASED ON FPGA
DOI 10.15589/SmI20170202

Yao Yueqin  undergraduate, associate professor,  
  Bachelor of Automation
  553053001@qq.com

Zhao Guoliang  Master of Control Theory and Control Engineering
  330176382@qq.com

Yancheng Institute of Industry Technology, Yancheng City, Jiangsu 224005, PR China

Abstract. A fuzzy control system for measuring methane concentration has been designed on 
the basis of FPGA. The fuzzy control algorithm and establishment of the fuzzy control rules 
are considered in detail, and implementation of the fuzzy control system is realized based on 
FPGA. Compared with traditional control methods, the system has a high control accuracy 
and unobvious hysteresis
Keywords: FPGA; fuzzy control; measurement of methane concentration.

References
[1] Peraza C., Valdez F., Castillo O. An adaptive fuzzy control based on harmony search and 
its application to optimization [M]. Nature-Inspired Design of Hybrid Intelligent Systems. 
Springer International Publishing, 2017.
[2] Zhou Q., Wang L., Wu C., et al. Adaptive fuzzy control for nonstrict-feedback systems 
with input saturation and output constraint [J]. IEEE Transactions on Systems Man & Cyber-
netics Systems, 2017, 47(1):1-12.
[3] Stan S. D., Bălan R., Mătieş V., et al. Kinematics and fuzzy control of ISOGLIDE3 
medical parallel robot [J]. Canadian Review of American Studies, 2016, 36(3):273-291.
[4] Chen B., Lin C., Liu X., et al. Observer-based adaptive fuzzy control for a class of non-
linear delayed systems [J]. IEEE Transactions on Systems Man & Cybernetics Systems, 2016, 
46(1):27-36.
[5] Li H., Wu C., Yin S., et al. Observer-based fuzzy control for nonlinear networked sys-
tems under unmeasurable premise variables [J]. IEEE Transactions on Fuzzy Systems, 2016, 
24(5):1233-1245.
[6] Pan I., Das S. Fractional order fuzzy control of hybrid power system with renewable 
generation using chaotic PSO [J]. Isa Transactions, 2016, 62:19-29.
[7] Zhou Q., Li H., Wu C., et al. Adaptive fuzzy control of nonlinear systems with unmod-
eled dynamics and input saturation using small-gain approach [J]. IEEE Transactions on Sys-
tems Man & Cybernetics Systems, 2016, PP(99):1-11.
[8] Radgolchin M., Moeenfard H., Ghasemi A. H. A two-level adaptive fuzzy control al-
gorithm for beyond pull-in stabilization of electrostatically actuated microplates [C]. ASME 
2016 Dynamic Systems and Control Conference. 2016.
[9] Petković D., Shamshirband S., Anuar N. B., et al. Input displacement neuro-fuzzy con-
trol and object recognition by compliant multi-fingered passively adaptive robotic gripper [J]. 
Journal of Intelligent & Robotic Systems, 2016, 82(2):177-187.
[10] Wang F., Liu Z., Zhang Y., et al. Adaptive fuzzy control for a class of stochastic pure-
feedback nonlinear systems with unknown hysteresis [J]. IEEE Transactions on Fuzzy Sys-
tems, 2016, 24(1):140-152.
[11] Padmanaban S., Blaabjerg F., Martirano L., et al. PI and fuzzy control strategies for high 
voltage output DC-DC boost power converter – Hardware implementation and analysis [C]. 
IEEE, International Conference on Environment and Electrical Engineering, 2016.
[12] Chang W. J., Kuo C. P., Ku C. C. Fuzzy control via imperfect premise matching ap-
proach for discrete Takagi-Sugeno fuzzy systems with multiplicative noises [J]. Journal of 
Marine Science & Technology, 2016, 24(5):949-957.
[13] Bouzeriba A., Boulkroune A., Bouden T. Projective synchronization of two different 
fractional-order chaotic systems via adaptive fuzzy control [J]. Neural Computing & Applica-
tions, 2016, 27(5):1349-1360.
[14] Fu J., Li P., Wang Y., et al. Model-free fuzzy control of a magnetorheological elastomer 
vibration isolation system: analysis and experimental evaluation [J]. Smart Material Struc-
tures, 2016, 25(3):035030.

DESIGN OF THE FUZZY METHANE CONCENTRATION CONTROL SYSTEM BASED 
ON FPGA 

Yao Yueqin, undergraduate, associate professor, Bachelor of Automation 
email: 553053001@qq.com 

Zhao Guoliang, Master of Control Theory and Control Engineering 
email: 330176382@qq.com 

Yancheng Institute of Industry Technology, Yancheng City, Jiangsu 224005, PR China 

   
 

Abstract: A fuzzy control system for measuring methane concentration has been designed on 
the basis of FPGA. The fuzzy control algorithm and establishment of the fuzzy control rules are 
considered in detail, and implementation of the fuzzy control system is realized based on FPGA. 
Compared with traditional control methods, the system has a high control accuracy and unobvious 
hysteresis． 

Keywords: FPGA; fuzzy control; measurement of methane concentration. 
 

REFERENCES 
[1] Peraza C., Valdez F., Castillo O. An adaptive fuzzy control based on harmony search and 

its application to optimization [M]. Nature-Inspired Design of Hybrid Intelligent Systems. Springer 
International Publishing, 2017. 

[2] Zhou Q., Wang L., Wu C., et al. Adaptive fuzzy control for nonstrict-feedback systems 
with input saturation and output constraint [J]. IEEE Transactions on Systems Man & Cybernetics 
Systems, 2017, 47(1):1-12. 

[3] Stan S. D., Bălan R., Mătieş V., et al. Kinematics and fuzzy control of ISOGLIDE3 
medical parallel robot [J]. Canadian Review of American Studies, 2016, 36(3):273-291. 

[4] Chen B., Lin C., Liu X., et al. Observer-based adaptive fuzzy control for a class of 
nonlinear delayed systems [J]. IEEE Transactions on Systems Man & Cybernetics Systems, 2016, 
46(1):27-36. 

[5] Li H., Wu C., Yin S., et al. Observer-based fuzzy control for nonlinear networked systems 
under unmeasurable premise variables [J]. IEEE Transactions on Fuzzy Systems, 2016, 
24(5):1233-1245. 

[6] Pan I., Das S. Fractional order fuzzy control of hybrid power system with renewable 
generation using chaotic PSO [J]. Isa Transactions, 2016, 62:19-29. 

[7] Zhou Q., Li H., Wu C., et al. Adaptive fuzzy control of nonlinear systems with unmodeled 
dynamics and input saturation using small-gain approach [J]. IEEE Transactions on Systems Man & 
Cybernetics Systems, 2016, PP(99):1-11. 

[8] Radgolchin M., Moeenfard H., Ghasemi A. H. A two-level adaptive fuzzy control 
algorithm for beyond pull-in stabilization of electrostatically actuated microplates [C]. ASME 2016 
Dynamic Systems and Control Conference. 2016. 

[9] Petković D., Shamshirband S., Anuar N. B., et al. Input displacement neuro-fuzzy control 

A
this pap
accordin
measure
great sig

K

[
[J]. Auto

[
DSl882

[
Technol

[
current 
2007, 2

[
Journal 

 

W
has been
has bee
water p
environ
single m
multi-pa

I
can eff

DESIGN

Yao Y

Yanchen

Abstract. I
per propos
ng to the 
ement param
gnificance t
Keywords:

[1] Hou H.,
omation & 
[2] Pan Y.
0 [J]. Electr
[3] Zou Y., 
logy, 2010, 
[4] Li L., C
source to su
8(12):2256-
[5] Meng L
of Scientifi

With the de
n paid more

en widely u
pollution in
nment monit
measuremen
arameter me
In this pape
fectively ca

N OF MU
SY

Yueqin, und

ng Institute o

 
In order to 
es a system
actual need
meter and p
to the coal m
: water qual

, Yang S. Ap
Instrumenta
, Meng Q.
ronic Measu
Xing H. Hi
29(9):1-4. 
Chen W. E
urmount the
-2259. 

L., Yu Li., P
ic Instrumen

evelopment 
e and more 
used. The w
n coal mine
toring. How
nt, which m
easuring eq

er, a multi-p
arry out m

ULTI-PAR
YSTEM B
dergraduate

email
of Industry 

build an ef
m with AT
ds. The de
poor accura
mine, hydro
lity; multipl

pplication o
ation, 2009,
 Design of
urement Tec
igh precise 

Electrical co
ein fluence o

Pu Y. et al.
nt, 2006, 27

PR
of economy
attention, a

water qualit
es, the exp

wever, at the
means that 
quipment is 
parameter de

multi-parame

RAMETE
BASED O
, associate p
l: 55305300
Technology

fficient mul
TMEGA128
esigned syst
acy of the c
ogeology an
le parameter

REFER
of MSC121
, 24(2):43-4
f multipoin
chnology, 2
pH value m

onductivity 
of capacitan

. Design of
7(S1):1012-

ROBLEM 
y, the utiliz

and the onlin
ty detection
ploration re
e present sta

only one w
small, and t
etection sys
eter water 

ER WATE
ON ATME

professor, B
01@qq.com
y, Yancheng

ti-paramete
8 as the p
tem can so
current wate
nd water env
rs; ATMEG

 
RENCES
0 in water q

45. 
nt temperat
2008, 31(9):
measuremen

measurem
nce [J]. Chi

f amplifying
-1013. 

STATEME
ation of wa
ne detection

n system is 
search of h

age, the wat
water param
their accura
stem based o
quality de

ER QUAL
EGA128 
Bachelor of 
m 
g City, Jiang

er system of
processor an
olve the pr
er quality m
vironment m

GA128; sens

quality para

ure measur
91-93. 

nt meter [J].

ent using f
nese Journa

g circuit for

ENT 
ater resource
n system of 
indispensa

hydrogeolog
er quality d

meter is mo
acy is poor. 
on ATMEG
tection. Th

LITY DET

Automation

gsu 224005

f water qua
nd each se
roblems inc
measuremen
monitoring. 
sors. 

ameters mea

rement syst

. Measurem

frequency s
al of Scienti

r tiny signa

es and wate
f water qual
able to the 
gy, or the 

detection sy
onitored. T

GA128 is pr
he system 

TECTION

n 

5, PR China

ality detecti
ensor selec
cluding sin
nt, which is

asuring syst

tem based 

ment & Cont

self-adaptat
ific Instrum

al [J]. Chin

er environm
lity paramet
monitoring
regular wa

stem is mos
The number 

oposed, wh
detects wa

N 

on, 
cted 
ngle 
s of 

tem 

on 

trol 

tion 
ment, 

ese 

ment 
ters 

g of 
ater 
stly 
 of 

hich 
ater 

Zhao Guoliang

Yao Yueqin



ИССлЕДОвАНИЯ И РАзРАБОТКИ

№2 (8) 2017 smi.nuos.edu.ua    smi@nuos.edu.ua

15

ratio is labeled as the output. The whole control system 
is a dual input and single output fuzzy control system. 
Block diagram of the system is shown in Fig. 1.

As a result of performing the fuzzy control algorithm 
in the system, selection of the system control strategy 
is in the MCU, so the circuit is simpler than that of the 
traditional strategy. When the system is activated, the gas 
concentration detector fulfills its purpose and outputs a 
millivolt level voltage signal proportional to the gas con-
centration. This electrical signal is transmitted to the A/D 
converter after filtering and amplification. The converted 
data is sent to the FPGA. The controller translates the 
voltage concentration based on the binary number of the 
input voltage and then outputs modulation signal to con-
trol an exhaust motor based on fuzzy control rules. The 
hardware component of the system is shown in Fig. 2.

The flammable catalyzing gas sensor MJC4/3.0L is 
used to detect gas density. The sensor is paired with the 
detecting element to make up two arms of the bridge. 
The resistance of the detector increases as a reaction to 
a flammable gas, and the output voltage of the bridge 
changes. The voltage increases with the increase of gas 
concentration, and there is a component for temperature 
and humidity compensation. The basic properties are as 
follows: linear output voltage of the bridge; quick re-
sponse; good repeatability; stable and reliable compo-
nents; resistance to H2S poisoning.

As shown in Fig. 3 of the sensor sensitivity curve, 
when gas is measured with the concentration of 0 ~ 3 %, 
the output voltage of the sensor is 0 ~ 65 mV, the entire 
voltage output is linear, which meets the design require-
ments of the system.

EP2C5Q208C8N is used as the main controller 
of the system. It is a cost-effective FPGA control chip 
lunched by Altera. It is a new type of a high-density PLD 
with the CMOS–SRAM process. It consists of a num-
ber of independent programmable logic modules that 
can be flexibly connected to each other and can form 
complex digital systems on a single chip. Because of 
the complex environment of the mine, it is necessary to 

Problem statement. Safety is a top priority in coal 
mining, and gas explosion is the biggest hazard in the 
sphere. Therefore, it is very important to design a gas 
concentration detection and control system with a high 
precision and hysteresis. Compared to a traditional con-
trol strategy in MCU, FPGA has the advantage of a high 
data-processing speed. The accuracy of the system with 
FPGA as the main controller is greatly increased, and 
lagging of the system is greatly reduced. It can effective-
ly detect and control gas concentration, which ensures 
the safety of the mine. With multiple I/O interfaces of 
FPGA, the system scalability is greatly increased, where-
as only one FPGA is used as the main controller in the 
variety of detection systems. Compared to a traditional 
measurement strategy with one testing equipment for 
one system, the difficulty of the PCB board system and 
the production cost of the circuit are greatly reduced. It 
is beneficial for the improvement of the enterprise eco-
nomic efficiency.

The traditional control strategy is built on the accu-
rate system transfer function. However, it is difficult to 
achieve, even if one can get the system transfer function, 
since some variables are not necessarily measurable. 
Thus, the system can not always meet the requirement of 
control accuracy and response time. With the fuzzy con-
trol method, unlike traditional means of control, accurate 
system transfer function is not necessary in the control 
system. Corresponding control rules can be designed ac-
cording to the requirements of the system and control 
experiences. The method of fuzzy control design is much 
easier compared to the traditional one. Because of the 
control method built by Verilog HDL language, when the 
system parameters are changed or the control strategy is 
ported to other systems, one can simply download the 
control rules to the FPGA. It reduces the cycle of system 
development and control costs.

Basic material.
 1. Implementation of fuzzy control system
Gas concentration and change rate are used as input 

parameters in the system. 500Hz modulation signal duty 

Fig. 2. Hardware component of the system
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  2.1. Blur the concentration deviation
As shown in formula 1, the concentration error is de-

fined as P0 subtract Pt. Since the concentration range in 
the mine is set between 0 ~ 1 %, the measurement range 
of the sensor is 0 ~ 3 %, so the universe of concentration 
deviation error is [0 %, 2 %]. It is divided into 11 fuzzy 
subsets, and the relation of concentration errors to the 
corresponding fuzzy subsets is shown in Table 1.

error = P0 – Pt,                           (1)

where P0 is the setting concentration, and Pt is the mea-
sured concentration

  2.2. Fuzzy measure of concentration change rate
As shown in formula 2, the concentration change rate 

is defined as the value of the gas concentration change in 
the well in unit time. In this system, sampling time is 
set as 1 s; the gas concentration of the mine is detected 
every second.

Rate = (Pt – P0)/t = Error/t                  (2)
The basic universe of the rate is set as [–0.06, +0.06], 

it is divided into 7 fuzzy subsets. The relation between 
the fuzzy subsets and the corresponding concentration 
rates is shown in Table 2.

  2.3. Blur of system output
The system can adjust the wind speed of the fan by 

the output of the electrical signal ratio. Its basic universe 
is [0,100%], it is divided into 11 fuzzy subsets. The re-
lation between the fuzzy subsets and the duty cycles is 
shown in Table 3.

  2.4. Establishment of fuzzy control rules
The control rule of the dual-input single-output sys-

tem is “If error and rate then ratio”; according to the con-
trol rules of fans in the mine, the fuzzy control rules are 
shown in Table 4.

use more sensors to detect such signals as temperature, 
humidity and gas concentration. The traditional design 
scheme is one control chip for one system, which is not 
conducive to the management and maintenance of the 
system and increases the operation cost of the enterprise. 
On the contrary, in the FPGA as the main controller, be-
cause of many I/O ports, only one chip can be used for 
all signal detection and control. At the same time, the 
speed of FPGA processing data is at a decent level, so 
even for high-speed bit flow signals, such as audio and 
video ones, the FPGA can also be fully qualified. Based 
on the above, the advantages of using the FPGA as the 
main control chip, the whole system is highly integrated 
and has a high data-processing ability, the enterprise ex-
penses is saved, and the delay of the system is greatly  
reduced.

 2. Implementation of fuzzy control algorithm
According to the basic indicators of gas extraction 

in coal mines (AQ1026-2006) published by the state ad-
ministration of production supervision and administra-
tion (dated November 2, 2006), the gas concentration of 
the mine in the mining process shall not exceed 1% of the 
gas content. Therefore, the system only controls the part 
of over 1 % of the gas concentration.

Fig. 3. Sensor sensitivity characteristic curve
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                                                         (1) 
where P0 is the setting concentration, and Pt is the measured concentration 

  

Table 1. Error blur of concentration difference

Error Fuzzy results Error Fuzzy results
0 0 [1.0,1.2] P5

[0,0.2] P0 [1.2,1.4] P6
[0.2,0.4] P1 [1.4,1.6] P7
[0.4,0.6] P2 [1.6,1.8] P8
[0.6,0.8] P3 [1.8,2.0] P9

[0.8,1.0] P4

Table 3. Ratio blur 

Ratio Fuzzy result Ratio Fuzzy result
0 0 [50 %,60 %] P5

[0 %,10 %] P0 [60 %,70 %] P6
[10 %,20 %] P1 [70 %,80 %] P7
[20 %,30 %] P2 [80 %,90 %] P8
[30 %,40 %] P3 [90 %,100 %] P9

[40 %,50 %] P4

Table 2. Concentration rate blur

Error Fuzzy result
[–0.06, –0.04] NL
[–0.04, –0.02] NM

[–0.02,0] NS
0 0

[0,0.02] PS
[0.02,0.04] PM
[0.04,0.06] PL
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CONCLUSIONS. In the view of the complex de-
tection environment under the mine, there has been de-
signed a fuzzy gas concentration control system based 
on FPGA. The simulation of the system has been carried 
out, and the result shows that the system can fully meet 
the design requirements with a good reaction speed and 
minimum hysteresis. With the method of control rules 
written in ROM, the system operates accurately under 
control. By changing the fuzzy control rules, the system 
can be applied to other purposes of signal detection with-
out the need to adjust the system greatly. The portability 
of the system is greatly improved. Based on the advan-
tages of the FPGA multi I/O port, other signal detection 
systems can be connected to FPGA control, so that the 
degree of integration of the downhole monitoring system 
is greatly improved as well.

 3. Software design
Verilog HDL language is used in software develop-

ment. It is a formalized description language for digital 
circuits and systems; it is also one of the most widely 
used hardware description languages. It is suitable for 
system level, algorithm level, register transmission level, 
logical level and other design. Compared with traditional 
hardware description languages, Verilog HDL is intuitive 
and easy to master.

The concentration difference error in the design is 
realized by means of the macro module parametric ad-
dition/subtraction device called “lpm_ add_ sub”. The 
concentration rate is transferred by a parallel 10 bit syn-
chronous register “P10_register”. The trigger clock “clk” 
is set to 1KHz. When rising edge of clk arrives, the cur-
rent concentration error “error(t)” is stored in the regis-
ter. Before the third rising edge, the concentration error 
of the first two times error(t – 1) and error(t) are avail-
able; with “lpm_ add_ sub”, the concentration error rate 
is available.

The table of fuzzy rules is solidified in the ROM 
named LPM_ROM through program writing. The ROM 
address line width for LPM_ WIDTH is set to 8, of which 
4 are for high concentration deposit deviation error, and 4 
are for low concentration storage change rate. The fuzzy 
control table is written in the form of code, in the con-
figuration data file of ROM, named "ROM_ data".

 4. Simulation result
The gas concentration control system is simulated as 

a two-order system, so the simulation result can be ob-
tained with a second-order system shown in formula 3.

Table 4. Fuzzy control rules of the duty cycle 

Rate 
Error 

0 P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 
NL 0 P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 
NM 0 P0 P0 P1 P2 P3 P4 P5 P6 P7 P8 
NS 0 P0 P0 P0 P1 P2 P3 P4 P5 P6 P7 
0 0 P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 

PS P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 P9 
PM P1 P2 P3 P4 P5 P6 P7 P8 P9 P9 P9 
PL P2 P3 P4 P5 P6 P7 P8 P9 P9 P9 P9 
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result can be obtained with a second-order system shown in formula 3. 

                                                     (3) 

The unit step function is used as input in the simulation system. The system is built with the 
help of Simulink tool box in MATLAB; the block diagram of the system is shown in Fig. 4. 

 
Fig. 4. Block diagram of the system 
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Problem statement. The technology of 
RFID (Radio-Frequency Identification) has 
drawn a swirl of attention in the past few years 
as it helps identify objects and people in a fast, 
accurate and inexpensive way. It has been 
applied to many areas, including passports, 
transportation payment, product tracing, auto-
motive and animal identification, etc.

RFID consists of two main parts: an 
electronic label (tag) and a read/write device 
(reader). Accompanied by tag and reader 
coding, the process of automatic identifica-
tion at a distance is accomplished via antenna 
non-contact data transmission. At present, 
the research and application of RFID antenna 
in the ultra-high frequency band are becom-

ing more and more widespread. The potential 
use of UHF Tag would be tremendous.

In view of the existing problems in the 
antenna, this paper introduces a design of a 
small RFID transfiguration microstrip la-
bel antenna with a working frequency of 
923 MHz. Besides, the main antenna param-
eters (structure, size, etc.) are simulated and 
analyzed. This antenna structure not only ap-
plies to the 923 MHz band, but also can be 
employed at the 2.45 GHZ microwave band.

Basic material.
 1. Antenna structural design
The RFID antenna can have three basic 

forms: a coil, a microstrip patch, and a di-
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pole. The RFID antennas of the close-range systems (op-
erating on less than 1 m) are mainly low-cost coil anten-
nas, which work in low-frequency bands. To cover more 
than 1 m, the system requires a microstrip patch or dipole 
RFID antenna, as they work in high and microwave fre-
quencies.

The normal microstrip size is obviously too large, 
and even with the insertion of a short-circuit needle 
and other miniaturization techniques, the effect is not 
quite satisfactory. Therefore, we will adopt a smaller, 
deformed microstrip antenna, which is expected to op-
timize the antenna.

First, let us consider the antenna structure. The di-
electric plate is made of teflon, its thickness is set to 
3 mm, length — 34 mm, and width — 33 mm. The mi-
crostrip patch and microstrip line are made of electrically 
conductive materials. The size of the patch is 11×24 mm, 
while the size of the line can be changed to obtain the ex-
pected result. In this study, it is set to 75 mm. The details 
of geometry of the antenna are shown in Fig. 1.

 2. Antenna performance analysis
Simulation and calculation of the characteris-

tic parameters of the antenna. The HFSS software of 
MATLAB and ANSOFT have been used to simulate the 
antenna structure. The results are shown in Fig 2. As in-
dicated in the graph, the resonant center frequency of the 
antenna is 923.2 mhz, the return loss is -23.88 dB, and 
the bandwidth is 22.2 MHz, which basically meets the 
requirements.

The key length of the antenna affects the antenna 
performance. In the antenna structure, every change of the 
length affects the radiation characteristics of the antenna. 
During the simulation, we have found that some of the edg-
es have less influence on the antenna performance, while 
some of them have a greater influence. Having compared 
the simulation results, we choose the size structure that is 
relatively optimized for natural performance. The two rela-
tively sensitive edges of the antennas are W1 and W2. Let 
us change the length of the antenna S11 and discuss the 
effect that such a change has on its characteristics. 

The plane diagram of the antenna is as demonstrated 
in Fig. 3.

Tables 1, 2, 3 show the main characteristic parame-
ters of the deformed microstrip antenna with the changes 
of W1, W2 and L. Fig. 4, 5, and 6 are the corresponding 
simulation diagrams.

Through the research on the key edges, we can get 
the following conclusions.

1). When the antenna microstrip line length is longer, 
the resonance frequency of the antenna is reduced. This 
is especially evidenced by Fig. 5; the formula is as fol-
lows: Fig. 3. Plane diagram of the antenna

Fig. 2. Return loss of the antenna

Fig. 1. Geometry of the antenna

The plane diagram of the antenna is as demonstrated in Fig. 3. 
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Table 3. The effect of L change on antenna performance

L Return Loss (dB) 3 dB Bandwidth (MHz) Resonant Frequency (MHz)
73 mm –26.83 18.2 973.7
74 mm –25.12 21.3 951.2
75 mm –23.88 20.2 923.2

Table 2. The effect of W2 change on antenna performance

W2 Return Loss (dB) 3 dB Bandwidth (MHz) Resonant Frequency (MHz)
1 mm –27.52 20.2 937.4
2 mm –25.55 19.8 931.3
3 mm –26.45 20.2 927.2
4 mm –23.88 20.1 923.2

Table 1. The effect of W1 change on antenna performance

W1 Return Loss (dB) 3 dB Bandwidth (MHz) Resonant Frequency (MHz)
1 mm –34.13 20.2 965.7
2 mm –28.37 22.2 943.4
3 mm –23.88 20.2 923.2

Fig. 5. The effect of W2 change on antenna performance

Fig. 4. The effect of W1 on antenna performance
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smaller   base plate, implementing additional impedance-
matching network, or using a multilayer medium. How-
ever, due to the antenna structure and actual application, 
we can only improve the performance of the antenna by 
changing the base material and adopting the composite 
medium. Here are some studies on this issue.

Using a smaller εe base plate. When εe is reduced, 
the “bondage” from the medium to the field decreases, 
which is easy for radiation. At the same time, the antenna 
decreases as energy storage decreases, which results in a 
wider frequency band for the manufacturer. On the other 
hand, the reduced εe results not only in a wider band, but 
also in a lower efficiency, and the rise of return loss. The 
simulation results are shown in Fig. 7.

Using composite medium to extend the bandwidth. 
The choice of the base medium is determined by many 
factors influencing each other. In addition to the base 
thickness, the structural arrangement is also important. 
The base thickness in this paper is divided into three 
layers (3.0 mm in total): polytetrafluoroethylene, which 

Through the research on the key edges, we can get the following conclusions. 
1. When the antenna microstrip line length is longer, the resonance frequency of 

the antenna is reduced. This is especially evidenced by Fig. 5; the formula is as 
follows: 

2 r e e

cL
f  

  

where L is the length of the microstrip line, rf  is the resonant frequency, e is the 

effective dielectric constant, e is the magnetic conductivity, and c is the light 

velocity. 
2. Looking at the differences between Fig. 4, Fig. 5, and Fig. 6, when the speed 

of W2 is changed to 1 mm uniformly, the resonance point is obviously not changing as 
rapidly as the parameters of W1 and L, which should be considered in the following 
two aspects. 

First, we can combine the two methods above in relation to the adjustable 
antenna, that is, you need to change W1 and L to adjust the antenna performance, or 
change W2 to fine-tune the antenna performance. 

Second, if the W2 is not accurate due to technical or other reasons, the antenna 
performance will have a side effect. 

 
3. Improved antenna bandwidth 
There are many ways to entend the band of microstrip antennas, for example, 

using a thick base plate, using a smaller e  base plate, implementing additional 

impedance-matching network, or using a multilayer medium. However, due to the 
antenna structure and actual application, we can only improve the performance of the 
antenna by changing the base material and adopting the composite medium. Here are 
some studies on this issue. 

Using a smaller e  base plate. When e  is reduced, the “bondage” from the 

medium to the field decreases, which is easy for radiation. At the same time, the 
antenna decreases as energy storage decreases, which results in a wider frequency 

band for the manufacturer. On the other hand, the reduced e  results not only in a 

wider band, but also in a lower efficiency, and the rise of return loss. The simulation 
results are shown in Fig. 7. 

,

where L is the length of the microstrip line, fr is the reso-
nant frequency,  is the effective dielectric constant, εe is 
the magnetic conductivity, and c is the light velocity.

2). Looking at the differences between Fig. 4, Fig. 
5, and Fig. 6, when the speed of W2 is changed to 1 mm 
uniformly, the resonance point is obviously not changing 
as rapidly as the parameters of W1 and L, which should 
be considered in the following two aspects.

First, we can combine the two methods above in 
relation to the adjustable antenna, that is, you need to 
change W1 and L to adjust the antenna performance, or 
change W2 to fine-tune the antenna performance.

Second, if the W2 is not accurate due to technical or 
other reasons, the antenna performance will have a side 
effect.

 3. Improved antenna bandwidth
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antennas, for example, using a thick base plate, using a 
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are shown in Fig. 8. 
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are shown in Table 4.  
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CONCLUSIONS. Based on a new model of the mi-
crostrip antenna, this paper proposes an improvement 
scheme, namely, the deformed microstrip antenna work-
ing at 923 MHz. A series of simulation is carried out on 
the scheme. 

The simulation shows that the antenna’s sensitive 
edge plays an important role in the overall performance. 
In the second part of this paper, the optimization scheme 
is presented, which is aimed at improving the antenna’s 
structure by using a multilayer medium, and the simula-
tion results are given. Some improvements can be made 

on this basis, such as extension of the range of practical 
applications by means of a patch or “open window”.

A patch antenna with a small volume, simple manufac-
turing process and large gain is designed. The surface of the 
antenna is made of copper; it has a size of 30×40 mm. Two 
isosceles triangles (3 mm at the waist) are removed on the di-
agonal and a small square core is dug in the center of the cop-
per with a side length of 3.5 mm. It is located in the center of 
a square of air and a length of 600 mm. The radiation absorp-
tion boundary is placed on the outer surface of the cube. The 
bottom of the base is covered with copper for grounding.

is adjacent to the substrate (0.4 mm), ROGERS 4232 
(2.1 mm), and ROGERS 5880 (0.5 mm). The three layers 
are equal in size and arranged vertically. The simulation 
results are shown in Fig. 8.

The antenna bandwidth obtained by using the three-
layer medium is 42.3 MHz, and we can compare it with 
Fig. 2, Fig. 7 and Fig. 8. The specific parameter values are 
shown in Table 4. 

The following conclusions can be drawn from ana-
lyzing three different antenna structures.

Implementation of the materials with a smaller di-
electric constant is relatively traditional and simple. Yet, 

this method is not universally applicable to various mi-
crobelts, since the εr reduction will affect the key param-
eters of the antenna, such as echo loss, directivity, etc. 
This can be seen from Table 4, which implies that if we 
are to achieve the broadband goal, we have to sacrifice 
the return loss.

On the contrary, the multilayer dielectric plate tech-
nology not only can provide the bandwidth, but also has 
little impact on other key parameters. The optimized 
bandwidth is 42.3 MHz, and return loss reached 24.47 
dB. Therefore, this method is recommended for use under 
allowable circumstances.

Table 4. Comparison of the bandwidth of the three antennas

Non-optimized antenna Smaller εr antenna Three-layer medium antenna
Band Width (MHz) 20.2 38.2 42.3
Return Loss (dB) –23.88 –20.46 –24.47

Fig. 8. The relationship between multilayer dielectric board and bandwidth
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Problem statement. 
With the rapid development of com-

puter technology, automatic test systems are 
changing dramatically. So are multi-chan-
nel data acquisition systems, their central 
part [1]. A test system based on LabVIEW 
is widely applied in all spheres of testing 
and automation because of its small mod-
ule, high test precision, fast programming 
environment, and strong data processing  
ability.

The upper and lower machine acquisition 
systems composed of a single chip micro-
computer and PC have some disadvantages 
[2], for instance, complexity of development 
and low data collection efficiency. And the 
system based on PC using only one data ac-
quisition card and the LabVIEW program-
ming language that can be implemented on 
Windows provides greater simplicity and 
practicability of data acquisition, processing, 
storage, convenient and flexible use [3].
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  2.2. Signal analysis and processing
In practice, although the collected signals are tuned, 

the distorted wave still exists, and this paper will show 
hot to extract useful signals from it. Therefore, the col-
lected signals must be processed before the signal is 
analyzed. The original waveform collected is shown in 
Fig. 3. The filter effect is shown in Fig. 5, a, and it is 
obvious that the delay time is longer. This is not allowed 
under strict conditions. The following is a data process-
ing method that can resolve this problem effectively [7].

Let us take the data collected at some time in the 
first channel as an example to illustrate the effect of this 
method. The waveform before filtering is shown in Fig. 3, 
and the signal in the diagram clearly has larger harmon-
ics. When dealing with the collected signal, if the ceiling 
plus filter cut-off frequency is too small, the frequency 
is too low, and the filter waveform changes very slowly, 
which requires less time in the test system; such an effect 
does not make a substantial difference. The system has 
a strict requirement on time, so it is necessary to design 
the appropriate upper and lower cut-off frequencies so 
as to ensure that the delayed waveform is delayed in an 
acceptable range. To this end, a data processing method 
is designed, which proceeds as follows
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yt, and if Δ t < a, yt + 1 remains constant. 

Data processing is performed by using C language in the formula node in the LabVIEW 
environment. The program flow chart is shown in Fig. 4. 
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Basic material.
 1. Hardware structure

  1.1. Hardware introduction
The system hardware structure is shown in Fig. 1. 

It includes a computer and some data acquisition equip-
ment. The data acquisition card PCI- 818L introduced 
by Yan Hua can be inserted directly into the PCI slot 
of the industrial control machine; it supports plug and 
play and is easy to use. PCI-818L is a high-performance 
multi-function data acquisition card with 12b ADC with 
a maximum conversion speed of 40 kHz. It can provide 
users with 16 single-ended or 8 differential double-ended 
analog input channels and 1 analog output channel, as 
well as 16 digital input and output channels (compatible 
with TTL, TDL). The analog voltage input range can be 
selected with a jumper switch. In this system, it is chosen 
to make up ±5 V.

  1.2. The data acquisition card drive
The card drive is divided into internal and external 

[4]. PCI818L is directly inserted into the PCI slot, which 
belongs to the internal drive. As for the data acquisition 
card released by the NI Company, users can use the DAQ 
module library which can be embedded in LabVIEW to 
operate the collection card after installing the collection 
card driver. It is cheaper than using the NI Company card 
and employs the same method.

 2. Software design

  2.1. Programming
LabVIEW is based on graphical compilation (Graph-

ics, G) language. The software development platform has 
such functions as data acquisition, data analysis, signal 
processing, input and output control [5]. Moreover, the 
development speed time is short, which is especially use-
ful for beginners. LabVIEW has two basic windows — 
a front panel and a program block diagram. The front 
panel is used to place controls and display objects; the 
program block diagram implements graphical language 
for writing program source code [6].

In this system, the front panel is used to place the 
window setting such parameters as collection, filtering, 
storage and playback, and display the waveform and pa-
rameters before and after treatment with oscilloscope. 
The program flow diagram is shown in Fig. 2.
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Data processing is performed by using C language 
in the formula node in the LabVIEW environment. The 
program flow chart is shown in Fig. 4.

On this basis, the filter is also used, and the appropri-
ate filtering parameters are set. The butterworth filter is 
selected and the upper limit is set to 0.45 Hz, the cut-off 
frequency is set to 0. 2 Hz, and the filter is set to 3. The 
waveform that is filtered with this method is shown in 
Fig. 5 b. It can be seen that the delay time of the above 
signal processing method is short and the filtering effect 
is good. This has been proved in practice [8].

  2.3. Signal test module
The module is used to test the valid value of the sig-

nal and the sampling frequency, and the facts are known 
to collect the parameters of the signal and determine 
whether the signal is within normal range. If the normal 
test range is exceeded, the system will call the alarm and 
handle the signal properly.

  2.4. Signal storage and return
The signal is stored in order to save its parameters, 

so that it can be referenced at any time. The system em-
ploys the LabVIEW 2014 built-in storage module files 
storeage program, where one can choose the stored file 
formats (such as EXCEL, HTML, etc.) [9]. The playback 
is for the user to be able to re-observe the data after the 
data collection and analysis is completed [10]. This sys-
tem can play the whole data waveform back dynamically 
after the user saves the data and selects the mode.

CONCLUSIONS. The data processing system un-
der consideration performs collection, processing, dis-
play, storage and playback of the signal. Compared with 
the traditional data acquisition system, it has a lower 
price, higher usability and shorter development cycle. 
Data processing is simple and convenient, which greatly 
reduces the development cycle. Fig. 5. Filtered waveform
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DESIGN OF TEDS OF INTELLIGENT SENSOR  
BASED ON IEEE1451.2 STANDARD
DOI 10.15589/SmI20170205

Chen Jie  Master of Engineering
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Electro-mechanics Department, Yancheng Institute of Industry Technology, China, 
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Abstract. One of the directions of modern sensor development is the intelligent sensor based 
on IEEE1451.2 standard. The paper illustrates it on the example of an intelligent humidity 
sensor. It also introduces a technique for designing the meta-TEDS and humidity TEDS, 
which are necessary for a humidity intelligent sensor.
Keywords: IEEE1451; intelligent sensor.
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PROBLEM STATEMENT 
The traditional sensor with analog signal output cannot meet the requirements of modern measurement-

control systems. Since NASA put forward the concept of intelligent sensor based on MCU in 1978, many 
scientists have conducted abundant research and development work [1-6]. However, because of the disunion 
of the format of the digital signal output, the non-compatibility of the products from different manufacturers 
restricts further development of intelligent sensor. Kang Lee and coauthors began to advance the current 
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disunion of the format of the digital signal 

output, the non-compatibility of the prod-
ucts from different manufacturers restricts 
further development of intelligent sensor. 
Kang Lee and coauthors began to advance 
the current intelligent transducer standard 
in 1993, and their endeavor was accepted by 
IEEE in 1997 [7]. Thus, IEEE recommend-
ed the standard IEEE1451.2 based on their  
work.



ИССлЕДОвАНИЯ И РАзРАБОТКИ

№2 (8) 2017 smi.nuos.edu.ua    smi@nuos.edu.ua

27

8 – 12]. In the case of humidity sensor, a Meta TEDS data 
block and a channel TEDS data block are introduced. 
Let us regard the Type-Length-Value format of TEDS as 
TLV in this design.

  2.1. Data of Meta TEDS in TLV format

First TLV Second TLV Third TLV Fourth TLV

01030 
20101

040A03B0 
C8755781F 

59528E0
090103 1D024955

The Meta TEDS consists of 4 TLV. As shown in Ta-
ble 1, the first TLV comprises 5 bytes, which is the Iden-
tification Header of this TEDS. Based on the descriptions 
of the IEEE1451.2 standard, let us present Meta TEDS 
via the TLV method (Table 1).

There are 12 bytes in the second TLV of Meta TEDS, 
which shows detailed information of UUID. This UUID 
provides the latitude and longitude of manufacture, and 
the date and year when the STIM is manufactured. The 
information in the STIM of the intelligent sensor is as 
follows: latitude = 30233 ARC-SEC to north, longitude = 
120158 ARC-SEC to east in Hangzhou, manufactured 
on June10th 2006, 12:00 PM. It has past 160.5 (day)· 
24 (hour)/(day)·3600 (second)/ hour = 1386720·10 (se-
conds), from January 1st 2006, 00:00 PM (Table 2). 

There are 3 bytes in the third TLV of Meta TEDS, 
which shows the numbers of channels implemented in 
the STIM. There is only one sensor in this design, so the 
number is 1 (Table 3).

There are 4 bytes in the fourth TLV of Meta TEDS, 
which is used to check the data of Meta TEDS. The sum-
mation of the front 16 bytes is 34953, so 4953 is the 
checksum (Table 4).

According to IEEE1451.2, a TEDS (Transducer 
Electronic Data Sheet) is the hard core of the STIM 
(Smart Transducer Interface Module), and it can be 
stored in firmware or E2PROM. There are eight differ-
ent TEDS formats defined in this standard: two necessary 
and six optional ones. TEDS can well describe the pa-
rameters related to sensor type, action, performance at-
tributes and indicates its manufacturer, model, and serial 
number. In such a way, the sensors have self-describing 
and self-identifying abilities. Thus, selection of different 
intelligent devices and networks can be separated, and 
the compatibility of an intelligent sensor and a control 
network is not a problem for users. This can be called 
plug-and-play.

Basic material.

 1. Hardware basis
According to IEEE1451.2, the single chip PIC16F873 

was selected, which has a 10-bit ADC. This chip sup-
ports I2C communication model, so it can be directly 
connected to the chip 24LC256 and E2PROM, which 
also supports I2C (RC0 is linked to SCK, RC1 is linked 
to SDA). The type of humidity sensor is HIH4000, which 
is designed by Honeywell. The ICSP debugging socket 
can be used for writing the program. The frequency of 
exterior crystal is 4M. The principles of electric circuits 
are shown in Fig. 1.

 2. Design of TEDS
The IEEE1451.2 standard [7; 8] explains the general 

concept, TEDS design and TII (Transducer Independent 
Interface) design; the latter is a communication interface 
between STIM (Smart Transducer Interface Module) 
and NCAP (Net Capable Application Processor) [1 – 2; 
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2. Design of TEDS 
The IEEE1451.2 standard [7; 8] explains the general concept, TEDS design and TII (Transducer 

Independent Interface) design; the latter is a communication interface between STIM (Smart Transducer 
Interface Module) and NCAP (Net Capable Application Processor) [1-2; 8-12]. In the case of humidity 
sensor, a Meta TEDS data block and a channel TEDS data block are introduced. Let us regard the Type-
Length-Value format of TEDS as TLV in this design. 

2.1. Data of Meta TEDS in TLV format 
First TLV Second TLV Third TLV Fourth TLV 
01030 
20101 

040A03B0 
C8755781F 
59528E0 

090103 1D024955 

The Meta TEDS consists of 4 TLV. As shown in Table 1, the first TLV comprises 5 bytes, which is the 
Identification Header of this TEDS. Based on the descriptions of the IEEE1451.2 standard, let us present 
Meta TEDS via the TLV method. 

Table 1. The first TLV of Meta TEDS 
TLV Data format Byte number Data Data description 
Type 

Decimal 

1 01 TEDS Identification Header 
Length 2 03 Length of value (03 = Length of value is 3) 

Value 

3 02 IEEE1451 standard family working group number (02 = 
1451.2) 

4 01 Type of TEDS (01 = Meta-TEDS) 
5 01 TEDS version number (01 = version 1 in 1997) 
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There are 12 bytes in the third TLV of Humidity 
Channel TEDS, which shows the detailed information of 
the units of sensor. A unit shall be represented as a prod-
uct of the SI base units, plus radians and steradians, each 
raised to a rational power (Table 7).

There are 4 bytes in the fourth TLV of Humid-
ity channel TEDS, which is used to check the val-
ue of Meta TEDS. The summation of the front 
16 bytes is 2AE9B, so AE9B is the checksum  
(Table 8).

There are four TLVs in Humidity Channel TEDS. The 
first TLV part consists of 5 bytes (see Table 5), which is 
Identification Header of Meta TEDS. The description of 
the Meta TEDS in this TLV method is also based on the 
descriptions provided in the IEEE1451.2 standard.

There are 3 bytes in the second TLV of Humidity 
Channel TEDS, which shows the number of the imple-
mented channels. According to the description given in 
IEEE1451.2, when the type of implemented channel is 
sensor, the value in this TLV should be 00 (Table 6).

Table 2. The second TLV of Meta TEDS

TLV Data format Byte number Data Data description
Type Decimal 1 04 Universal Unique Identification (UUID) 

Length Decimal 2 0A Length of value (0A = Length of value is 10)

Value Hex

3 03 Data location: bit 1 = 0 (north), bit 2-bit 21,  
Hangzhou latitude = 30233 ARC-SEC to north  
= 000 0011 1011 0000 1100 1 (binary: 2-21 bit) 

4 B0
5 C8

Data location: bit 23-bit 42, bit 22 = 0 (east)  
Hanghzhou longitude = 120158 ARC-SEC to east  
= 000 0111 0101 0101 0111 10 (binary: 22-42 bit) 

6 75
7 57

8 81 Data location: bit 43-bit 46 Void bits: 00 00 (binary) 
Data location: bit 47-bit 58  

Year: 2006 = 01 1111 0101 10 (binary)
9 F5

10 95
Data location: bit 59-bit 80; time=2006/6/10 12:00:00 PM; 

160.5·24·3600/10 = 1386720  
01 0101 0010 1000 1110 0000 (Binary) 

Table 4. The fourth TLV of Meta TEDS 

TLV Data format Byte number Data Data description
Type Decimal 1 1D Checksum for Meta-TEDS 

Length Decimal 2 02 Length of value, 02 = 2 bytes

Value Decimal 3
49 First byte of checksum
53 Second byte of checksum

Table 3. The third TLV of Meta TEDS 

TLV Data format Byte number Data Data description
Type Decimal 1 09 Number of implemented channels

Length Decimal 2 01 Length of value, 01 = 1 byte
Value Decimal 3 01 Total number channels implemented, 01 = 1 

Table 1. The first TLV of Meta TEDS

TLV Data format Byte number Data Data description
Type

Decimal

1 01 TEDS Identification Header
Length 2 03 Length of value (03 = Length of value is 3)

Value
3 02 IEEE1451 standard family working group number (02 = 1451.2)
4 01 Type of TEDS (01 = Meta-TEDS)
5 01 TEDS version number (01 = version 1 in 1997)

  2.2. Data of Humidity Channel TEDS

0103020201 080100 090A80808080808080808082 1E02AE9B
First TLV Second TLV Third TLV Fourth TLV
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technology of modern measurement-control systems. 
The paper introduces two obligatory TEDS; there are 
six more TEDS, but they may be regarded as optional. 
There are 29 TLV parts in Meta TEDS, and 30 TLV parts 
in channel TEDS, all complying with IEEE1451.2. It is 
impossible to show all the TLV parts in this paper, but 
considering some TLV are relative, designing the whole 
TLV in a STIM is not necessary.

CONCLUSIONS.  After Industrial and Information 
Revolutions, the upcoming automation revolution re-
quires abundant sensors. Standardizing the output signal 
of these electric character-different sensors is very im-
portant to enhance measurement-control systems. Design 
of the data acquisition module based on IEEE1451.2 is 
going to be a developing direction for the years to come. 
Thus, it is advisable to reduce the cost and improve the 

Table 7. The third TLV of Humidity channel TEDS

TLV Data format Byte number Data Data description
Type Decimal 1 09 Physical Units

Length Decimal 2 0A Length of value (0A = 10 bytes) 

Value Hex

3 82 Enumeration (enum), 82 means 1
4 80 Exponent of radians (rad), 80 means 0
5 80 Exponent of steradians (sr), 80 means 0
6 80 Exponent of meters (m), 80 means 0
7 80 Exponent of kilograms (kg), 80 means 0
8 80 Exponent of seconds (s), 8080 means 0
9 80 Exponent of amperes (A), 80 means 0
10 80 Exponent of kelvins (K), 80 means 0
11 80 Exponent of moles (mol), 80 means 0
12 80 Exponent of candelas (cd), 80 means 0

Table 8. The fourth TLV of Humidity channel TEDS

TLV Data format Byte number Data Data description
Type Decimal 1 1E Checksum for Meta-TEDS

Length Decimal 2 02 Length of value, 02 = 2 bytes

Value Decimal 3
AE First byte of checksum
9B Second byte of checksum

Table 6. The second TLV of Humidity Channel TEDS

TLV Data format Byte number Data Data description
Type

Decimal
1 08 Channel type key

Length 2 01 Length of value, 01 = 1 byte
Value 3 00 Implemented channel type key, 00 = sensor

Table 5. The first TLV of Humidity Channel TEDS

TLV Data format Byte number Data Data description
Type

Decimal

1 01 Identification Header of TEDS 
Length 2 03 Length of value (03 = 3) 

Value
3 02 EEE1451 standard family working group number (02 = 1451.2)
4 02 Type of TEDS (02 = Channel TEDS) 
5 01 TEDS version number (01 = version 1 in 1997) 

___________
© Chen Jie 
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Abstract. Since process measurement data inevitably contain random or gross errors, it re-
quires reconciliation. Dynamic data reconciliation methods have limitations in handling. 
Based on the robust estimation principle, a new robust estimation function is proposed in this 
paper. With its advantages in mathematic concepts and parameter adjustment, it can reconcile 
and detect random and gross errors simultaneously. The dynamic data correction method for 
particle filter has the problem of particle shortage. The combination of robust estimation and 
particle filter is used to update the particle weight by means of a robust function. Moreover, 
the particle filter can increase the particle confidence and avoid the degradation of particles 
in the dynamic processes. The efficiency of the proposed approach is proved by the results of 
simulation performed on CSTR system.
Keywords: dynamic data reconciliation; robust estimation; particle filter; robust estimation 
function; process model CSTR.
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ticle filtering in dynamic data reconciliation, but robust 
estimation can effectively restrain the anomaly point and 
realize data reconciliation and significant error detection 
synchronously. In this paper, robust estimation and par-
ticle filter are combined to form two particle filters by 
means of a double robust estimation of particle weights. 
This improves the availability of particles and effectively 
avoids the phenomenon of particle scarcity. The CSTR 
model simulation results prove the effectiveness of this 
method.

Basic material.
 1. Robust estimation

  1.1. Robust estimation principle
Robust estimation is based on the theory of data re-

gression. It can directly construct an unbiased estimation 
function, which is insensitive to certain deviation condi-
tions, realizes synchronization of data reconciliation and 
significant error detection and obtains better coordina-
tion results. In the robust estimation theory, the Influence 
function [6] is a very important index function, which 
can express the importance of various deviations in the 
estimation function. It is defined as follows:

parameters [1]. At present, many existing data rectification methods are only applicable to 
steady-state data systems. However, the actual process is changing, and the steady-state data 
coordination method applied to a dynamic system inevitably has some degree of deviation. Therefore, 
it needs to have a data correction method suitable for dynamic systems. Dynamic Data correction 
technology [2] is the process of developing a dynamic model as a constraint equation for data 
rectification; the dynamic system model can describe the essential characteristics of the system. 

At present, the research focus on the data correction technology includes two aspects [3]:
implementation of data coordination and significant error detection in step or simultaneously. The 
essence of the second aspect of the study is introduction of the robust estimation theory. The robust 
estimation [4] algorithm has a good coordination effect, but there are some parameters with 
ambiguous physical concept, which complicates parameter regulation and the algorithm’s practical 
application. The method of particle filtering [5] is a nonlinear filtering algorithm based on the 
Bayesian estimation theory. It does not constrain the probability density of state variables, so it 
becomes an optimal filter in estimation of non-Gaussian nonlinear systems and has acquired 
widespread application. However, the particle filter has a certain limitation in the field of data 
correction because of the phenomenon of particle scarcity. 

According to the principle of robust estimation and robust function design, this paper presents a 
design of a robust estimation objective function, which has a definite mathematical concept, simple 
parameters and easy adjustment. Particle scarcity [8] poses a problem for particle filtering in dynamic 
data reconciliation, but robust estimation can effectively restrain the anomaly point and realize data 
reconciliation and significant error detection synchronously. In this paper, robust estimation and 
particle filter are combined to form two particle filters by means of a double robust estimation of 
particle weights. This improves the availability of particles and effectively avoids the phenomenon of 
particle scarcity. The CSTR model simulation results prove the effectiveness of this method. 

BASIC MATERIAL 
1. Robust estimation 
1.1. Robust estimation principle 

Robust estimation is based on the theory of data regression. It can directly construct an unbiased 
estimation function, which is insensitive to certain deviation conditions, realizes synchronization of 
data reconciliation and significant error detection and obtains better coordination results. In the 
robust estimation theory, the Influence function [6] is a very important index function, which can 
express the importance of various deviations in the estimation function. It is defined as follows: 
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where ρ represents the target function, and ξi indicates 
the measurement error at data point i. In robust estima-
tion, the union weight function [6] is another important 
function expressed as follows:
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For the constraint adjustment of the model, the smaller the weight function of the data point, the 
more adjustment of the target function to the data point needs to be performed. 
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For the constraint adjustment of the model, the 
smaller the weight function of the data point, the more 
adjustment of the target function to the data point needs 
to be performed.

By analyzing and comparing the influence function 
and the weight function, we can construct the robust es-
timation function which meets different requirements. In 
data reconciliation and significant error detection, the ro-
bust estimation function is used as the objective function, 
which is no longer sensitive to the data deviating from 
the ideal state, and thus achieves the requirement of data 
coordination and significant error synchronization.

Problem statement. The process measurement data is 
the direct basis of all modern factory process control, op-
timization, operation analysis and even management [1]. 
Therefore, accurate and reliable data measurement is the 
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troduced by measurement error, instrument malfunction 
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tection are collectively referred to as data rectification.
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close to the real value, and to estimate the unknown pa-
rameters [1]. At present, many existing data rectification 
methods are only applicable to steady-state data systems. 
However, the actual process is changing, and the steady-
state data coordination method applied to a dynamic 
system inevitably has some degree of deviation. There-
fore, it needs to have a data correction method suitable 
for dynamic systems. Dynamic Data correction technol-
ogy [2] is the process of developing a dynamic model as 
a constraint equation for data rectification; the dynamic 
system model can describe the essential characteristics 
of the system.

At present, the research focus on the data correction 
technology includes two aspects [3]: implementation of 
data coordination and significant error detection in step 
or simultaneously. The essence of the second aspect of 
the study is introduction of the robust estimation theory. 
The robust estimation [4] algorithm has a good coordi-
nation effect, but there are some parameters with am-
biguous physical concept, which complicates parameter 
regulation and the algorithm’s practical application. The 
method of particle filtering [5] is a nonlinear filtering al-
gorithm based on the Bayesian estimation theory. It does 
not constrain the probability density of state variables, so 
it becomes an optimal filter in estimation of non-Gaussian 
nonlinear systems and has acquired widespread applica-
tion. However, the particle filter has a certain limitation 
in the field of data correction because of the phenomenon 
of particle scarcity.

According to the principle of robust estimation and 
robust function design, this paper presents a design of 
a robust estimation objective function, which has a defi-
nite mathematical concept, simple parameters and easy 
adjustment. Particle scarcity [8] poses a problem for par-
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 2. Dynamic data correction
Dynamic data correction technology is the process 

of developing a dynamic model as a constraint equation 
to data rectification. The dynamic system model can de-
scribe the essential characteristics of the system, usually 
represented by a time-varying state variable function. 
Therefore, the dynamic model is most suitable to describe 
the industrial process. The dynamic data correction tech-
nique utilizes the redundancy of time, data reconciliation 
and significant error of the data collected at every point of 
time. In recent years, the data rectification technology of 
non-linear dynamic systems has been paid much attention 
in the research conducted by many scholars. In general, 
the nonlinear dynamic data correction can be described 
by the optimization problem as follows [3]:
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method is particle scarcity. Over time, important weights may become concentrated on a small 
number of particles, which cannot effectively represent the posterior probability density function. 
The resampling algorithm is an effective method to solve this phenomenon. Its main idea is to 
resample the probability density function represented by weighted particles, reducing the number of 
small weights and increasing the number of particles in the power value. 

Aiming at the problem of particle scarcity in the dynamic data reconciliation of the basic 
particle filter, a dynamic data correction method based on particle filter and least squares estimation 
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 is the measurement value at the tk moment; t0 is 
the initial moment, tc is the current moment; f is the dif-
ferential constrained equation, h is equality constraints, 
g is inequality constraints, which includes the upper and 
lower bounds of the variable.

Formula (8) indicates that the key to solve the prob-
lem of dynamic data rectification is to estimate the mini-
mum deviation from the measured value under the con-
dition of conforming to the dynamic model equation or 
unequal constraint. The dynamic data correction problem 
expressed in formula (8) is also a constrained optimiza-
tion problem of the dynamic model.

3. Dynamic data rectification based on the robust 
estimation and particle filter

Particle filtering [5] is a Bayesian filtering algorithm 
based on the Monte Carlo method, which transforms 
the integral operation of a Bayesian algorithm into the 
summation of finite sample points and uses the Monte 
Carlo method of sequential importance sampling. The 
biggest problem in this method is particle scarcity. Over 
time, important weights may become concentrated on 
a small number of particles, which cannot effectively 
represent the posterior probability density function. The 
resampling algorithm is an effective method to solve this 
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as follows [7]:
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measurement; c  is a constant with the value [0,1]c , which guarantees that the influence function 

is a value between 0 and 1, achieving the effect of suppressing the anomaly error in x   .
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where c is a positive tunable parameter; when e–|x| closes 
to 1 in x → 0, the expression is approximately x2, and 
when e–|x| closes to 0 in x → 0, the expression is approx-
imately cx. Thus, c reflects the properties of the influ-
ence function in x → 0. When c is too large, the effect of 
suppressing the anomaly is not sufficient; when c is too 
small, there may be a negative effect on the function. In 
order to achieve the effect of suppressing the anomaly 
error, the general range is c ∈ [0.2, 0.7]. Formula (6) is 
referred to as WRE (Wang Robust Estimator).

The effect function of the robust estimation function 
of formula (6) is expressed as follows:
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In order to analyze the properties of the WRE, the objective function, the influence function and 
the weight function are compared to the appropriate Mingfang Kong’s (Kong) and least squares (LS) 
functions. The comparison results are shown in Fig. 1 a-c.

a b 

c 
Fig. 1. Comparison of functions: 

a – robust functions, b – impact functions,  – weight functions 

As you can see from Fig. 1, that WRE robust estimation function is closer to the LS target 
function in 1x  . The WRE influence and weight function demonstrate a fast downward trend in 

1x  , which not only inherits the LS property of small errors, but also reduces the effect of the target 
function on the anomaly error and shows a good characteristic. 

2. Dynamic data correction
Dynamic data correction technology is the process of developing a dynamic model as a 

constraint equation to data rectification. The dynamic system model can describe the essential 
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In order to analyze the properties of the WRE, the 
objective function, the influence function and the weight 
function are compared to the appropriate Mingfang 
Kong’s (Kong) and least squares (LS) functions. The 
comparison results are shown in Fig. 1, a – c.

As you can see from Fig. 1, that WRE robust estima-
tion function is closer to the LS target function in x < 1. 
The WRE influence and weight function demonstrate 
a fast downward trend in x > 1 , which not only inher-
its the LS property of small errors, but also reduces the 
effect of the target function on the anomaly error and 
shows a good characteristic.
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has been proposed by Guojing Yin [8]. The least squares estimator has no inhibitory effect on the 
anomaly point and is susceptible to anomaly interference. In this paper, the robust estimation is 
integrated into the elementary particle filter operation, and the particle weights are twice updated by 
the robust estimation of the target function to realize two particle filters. The objective function of 
robust estimation can restrain the abnormal data produced in the process, guarantee the reliability of 
the particle weights to some extent, and synchronize the data reconciliation and significant error 
detection. The particle weight renewal equation is as follows [8]:
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where c  represents the current moment, i  represents the measure of standard deviation, ( )ix t

represents the it -moment measured value vector, and ˆ ( )k ix t  is the variable coordination value of 

the k -particle in the it -moment after data coordination. Further on, 0t  indicates the initial moment, 

ct  represents the current moment, and f  represents the differential constraint equations. Finally, 

c  indicates the adjustable parameter, which can affect the robustness of the function, since the 

robustness is inversely proportional to it. The  and  are equal to 0 when the coordination value 

is optimal. By using these equations, two updates to the particle weights can be achieved. 
The method of dynamic data correction for robust estimation and particle filter implementation 

proceeds as follows: first sampling of the initial n particle, update of the weights, normalization of 
the weights, resampling, estimation of the value of the elementary particle filter. Then, the 
coordination value derived from the elementary particle filter is used as the predictive value. 
Together with the observed value, it is substituted to the robust objective function, and the weights 
update the equation. The particle weights are twice updated and then normalized. Afterwards, 
resampling is carried out, and double-filtered are used to estimate better coordination values. Then 
the procedure is repeated. Here are the detailed steps of the procedure [8]. 

Step 1. For 1,...i N , new particles  i
tx  are sampled, which are based on 1tx   and 

     
1~ ( | , )i i i

t t t tx q x x y , 1/i N  .

Step 2. According to the difference between the observed value and the predicted value and the 
posterior probability density function, the weights of each particle are obtained, updated and then 
normalized. 
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 is the variable 
coordination value of the k-particle in the ti-moment after 
data coordination. Further on, t0 indicates the initial mo-
ment, tc represents the current moment, and f represents 
the differential constraint equations. Finally, c indicates 
the adjustable parameter, which can affect the robustness 
of the function, since the robustness is inversely propor-
tional to it. The φ and η are equal to 0 when the coordi-

phenomenon. Its main idea is to resample the probabil-
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are two state variables: C indicates the output concentra-
tion of the reactor, while T represents the output tempera-
ture of the reactor.

Based on the principles of thermodynamics and 
chemical kinetics, we can establish the system of differ-
ential mass and heat equations. The equilibrium relation-
ship of the CSTR system model is expessed as follows 
[6]:

Step 3. Resampling implies removing the low-weight particles while preserving the high weight 
ones to prevent particle degeneration and state estimation. 

Step 4. The coordination value estimated in step 3 together with the predicted and measured 
values are substituted into constraint equation (10) and formula (11). The corresponding results are 
updated by the weights; the weights of the particles are updated twice and then normalized. 

Step 5. Resampling involves removal of the low-weight particles while preserving the 
high-weight ones to prevent particle degeneration and state estimation to derive a new weight.

Step 6. Better coordination values are calculated by using the particles with new weights. 
Step 7. The calculation of the particle and the corresponding weights is substituted into step 2, 

then steps 2-6 are repeated to obtain the coordination of all particles. 

4. Simulation example 
The continuous stirring tank reactor is abbreviated to CSTR. The system reactor is one of the 

most widely used reactors for polymerization. In the processing industry, the system is a highly 
nonlinear chemical reaction system [6]. The appropriate CSTR system model is shown in Fig. 2. 

Fig. 2. CSTR system model 

In Fig. 2, there are two input variables: 0C  represents the feed concentration of the reactor, 

and 0T  indicates the feed temperature of the reactor. Correspondingly, there are two state variables: 

C  indicates the output concentration of the reactor, while T  represents the output temperature of 
the reactor. 
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of differential mass and heat equations. The equilibrium relationship of the CSTR system model is 
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In the calculation, all the temperatures and concen-
trations are dimensionless and relative. The concentra-
tion reference value is set to Cr = 1.0 gmol.m –3, while 
the temperature reference is Tr = 100 K. The model pa-
rameters are shown in Table 1. The constraints are as fol-
lows:

0 < C, C0 < 20                           (13)
0 < T, T0 < 10

The continuous stirred tank system is an irrevers-
ible exothermic reaction. During the simulation, the ini-
tial temperature was 4.60, the initial concentration was 
0.1531, the sampling data were 100, and the sampling 
interval was  . The number of random particles was  . At 
the 30th time of sampling, the feed concentration was 
changed from 6.5 to 7.5. The mean value of input and 
output is zero. The standard deviation is 0.05 times the 
normal distribution noise of the corresponding steady-
state value. These data will be used as the measurement 
data for each variable.

Random errors. The results of data correction for the 
reaction’s concentration and temperature as for random 
errors are shown in Fig. 3.

nation value is optimal. By using these equations, two 
updates to the particle weights can be achieved.

The method of dynamic data correction for robust 
estimation and particle filter implementation proceeds as 
follows: first sampling of the initial n particle, update of 
the weights, normalization of the weights, resampling, 
estimation of the value of the elementary particle filter. 
Then, the coordination value derived from the elementa-
ry particle filter is used as the predictive value. Together 
with the observed value, it is substituted to the robust 
objective function, and the weights update the equation. 
The particle weights are twice updated and then normal-
ized. Afterwards, resampling is carried out, and double-
filtered are used to estimate better coordination values. 
Then the procedure is repeated. Here are the detailed 
steps of the procedure [8].

Step 1. For i = 1, ..., N, new particles 
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anomaly point and is susceptible to anomaly interference. In this paper, the robust estimation is 
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the robust estimation of the target function to realize two particle filters. The objective function of 
robust estimation can restrain the abnormal data produced in the process, guarantee the reliability of 
the particle weights to some extent, and synchronize the data reconciliation and significant error 
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where c  represents the current moment, i  represents the measure of standard deviation, ( )ix t

represents the it -moment measured value vector, and ˆ ( )k ix t  is the variable coordination value of 

the k -particle in the it -moment after data coordination. Further on, 0t  indicates the initial moment, 

ct  represents the current moment, and f  represents the differential constraint equations. Finally, 
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ωi = 1/N.

Step 2. According to the difference between the ob-
served value and the predicted value and the posterior 
probability density function, the weights of each particle 
are obtained, updated and then normalized.

Step 3. Resampling implies removing the low-weight 
particles while preserving the high weight ones to pre-
vent particle degeneration and state estimation.

Step 4. The coordination value estimated in step 3 to-
gether with the predicted and measured values are sub-
stituted into constraint equation (10) and formula (11). 
The corresponding results are updated by the weights; 
the weights of the particles are updated twice and then 
normalized.

Step 5. Resampling involves removal of the low-
weight particles while preserving the high-weight ones 
to prevent particle degeneration and state estimation to 
derive a new weight.

Step 6. Better coordination values are calculated by 
using the particles with new weights.

Step 7. The calculation of the particle and the cor-
responding weights is substituted into step 2, then 
steps 2 – 6 are repeated to obtain the coordination of all 
particles.

 4. Simulation example
The continuous stirring tank reactor is abbreviated to 

CSTR. The system reactor is one of the most widely used 
reactors for polymerization. In the processing industry, 
the system is a highly nonlinear chemical reaction sys-
tem [6]. The appropriate CSTR system model is shown 
in Fig. 2.
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In the graphs, LPF stands for the reconciliation results of the combination of the basic particle 
filter and the LS estimation algorithm, KPF represents the combination of the basic particle and the 
KONG estimation, and WPF represents the combination of the basic particle filter and the WRE 
estimation algorithm. This is data on 100 samples. In order to be more clear in the comparison of the 
three cases of correction, we use the measure of root mean square error. The root mean square error 
of the simulation results is presented in Table 2. 

Table 2. Data correction root mean square error 

Estimation method Root mean square error of 
concentration 

Root mean square error of 
temperature 

LS 0.0103190 0.0079112 
KONG 0.0083568 0.0076741 
WRE  0.0063038 0.0069365 

In order to compare the performance of various methods, let us implement the root mean square 
error (RMSE) indicator defined as follows [8]: 
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where trx indicates the true value, x̂  indicates the reconciliation value, and tf  indicates the time 

of sampling, which is the number of the measurement data. A smaller the RMSE value indicates that 
the reconciliation value is closer to the true value and thus more accurate. 

Table 2 shows that the root mean square error of the simulation results of the combination of the 
basic particle filter and the WRE estimation has the smallest value for the cases with random errors, 
which indicates that it has good reconciliation performance. 
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where xtr indicates the true value, 

In the graphs, LPF stands for the reconciliation results of the combination of the basic particle 
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for the cases with random errors, which indicates that it 
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Table 1. Dynamic model parameters 
Parameter Value Unit Parameter Value Unit 

q 51.0e 3 /m s RA 31.0e 2m

V 31.0e 3m cT 340.0 K

rH 51.13049 10  /J mol 0K 127.86 10 1s

 1.0 3/kg m AE 51.17151 10 /J mol

pC 4187   1J kg K  d 1.0 -

U 20.935   12J m s K


  RA 61.0e -

The continuous stirred tank system is an irreversible exothermic reaction. During the simulation, 
the initial temperature was 4.60, the initial concentration was 0.1531, the sampling data were 100, 
and the sampling interval was 1t s  . The number of random particles was 80N  . At the 30th 
time of sampling, the feed concentration was changed from 6.5 to 7.5. The mean value of input and 
output is zero. The standard deviation is 0.05 times the normal distribution noise of the 
corresponding steady-state value. These data will be used as the measurement data for each variable. 

Random errors. The results of data correction for the reaction’s concentration and temperature 
as for random errors are shown in Fig. 3. 
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Fig. 3. Data reconciliation results for: 
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Fig. 3. Data reconciliation results for:
a — reaction concentration, b — for reaction temperature
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Table 2. Data correction root mean square error

Estimation method Root mean square error of concentration Root mean square error of temperature
LS 0.0103190 0.0079112

KONG 0.0083568 0.0076741
WRE 0.0063038 0.0069365
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CONCLUSIONS.  Based on the principles of robust 
estimation and the method of robust estimation func-
tion design, this paper presents a new robust estimation 
function. In order to solve the problem of particle data 
shortage, the authors propose the dynamic data correc-
tion method, which combines robust estimation with par-
ticle filter. The objective function of robust estimation is 
used to update the weights of the particles twice to real-
ize the secondary particle filtering. It has a good effect 

the LS estimation algorithm, KPF represents those for 
the basic particle and the KONG estimation, and WPF 
represents those for the basic particle filter and the WRE 
estimation algorithm. This is also 100 sample data. The 
root mean square error of the simulation results in the 
three cases is shown in Table 3.

Table 3 demonstrates that the root mean square error 
of the simulation results of the combination of the basic 
particle filter and the WRE estimation is the smallest for 
the cases with outliers, which indicates that it has a good 
reconciliation performance.

Inclusion of outliers. In order to verify the data 
correction ability of the three kinds of particle filtering 
methods in case of significant errors, let us add outliers 
to the measured data and set outliers at time points of 5, 
25, 40, 60 and 90, respectively. The outlier magnitude 
is 0.15 for the measured concentration and 0.8 for the 
measured temperature. The fata reconciliation results of 
the reaction’s concentration and temperature with outli-
ers are shown in Fig. 4.

In the graphs, LPF represents the reconciliation re-
sults of the combination of the basic particle filter and 

Fig. 4. Data reconciliation results:
a — for concentration outliers, b — for temperature outliers

In the graphs, LPF stands for the reconciliation results of the combination of the basic particle 
filter and the LS estimation algorithm, KPF represents the combination of the basic particle and the 
KONG estimation, and WPF represents the combination of the basic particle filter and the WRE 
estimation algorithm. This is data on 100 samples. In order to be more clear in the comparison of the 
three cases of correction, we use the measure of root mean square error. The root mean square error 
of the simulation results is presented in Table 2. 
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Table 3. Data correction root mean square error

Estimation method Root mean square error of concentration Root mean square error of temperature
LS 0.010433 0.0096892

KONG 0.0095509 0.0094394
WRE 0.0057831 0.0075059

of suppressing the abnormal point data and effectively 
improves the availability of the particles. To some ex-
tent, the phenomenon of particle degeneration existing in 
the process of dynamic data reconciliation by means of 
particle filters is avoided. Through the simulation of the 
CSTR system model and comparison with the particle 
filter based on LS and KONG estimation, the particle fil-
ter with WRE estimation is selected as the one having the 
optimal reconciliation effect.
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Abstract. One of the major causes of damage to the transmission system is torsional vibra-
tion. It leads to the fatigue damage of the transmission parts, reducing their service life. In 
response to this problem, the torsional vibration model of the transmission system of the 
electromechanical coupling of the pure electric tractor is established, and the influence of 
internal power factor angle on the natural frequency of the transmission system under electro-
mechanical coupling is analyzed. The results show that when the power train is designed, if 
the internal power factor angle is increased from 0 to π/2, the change of the electromagnetic 
parameters leads to the resonance of the transmission system and the increase of the unstable 
area. The power train may also have saddle components, fork, jump and other phenomena, 
resulting in fatigue damage to the transmission components.
Keywords: pure electric tractor; power transmission system; internal power factor angle; 
resonance frequency.
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Abstract. With the help of the three-dimensional potential flow theory and the hydrodynamic 
analysis of the loaded ship, the wave pressure distribution and the design wave parameters of the 
ship under loading conditions have been analyzed. Using the method of AQWA and ANSYS 
co-simulation, the stress level, stress distribution and deformation of the whole ship under loading 
conditions are obtained. The numerical analysis results can provide an effective basis for the 
assessment of ship navigation safety. 
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vehicle power train is established to study the similar-
ity of natural characteristics under different operating 
conditions. The distribution of natural frequency and the 
influence of physical parameters on natural frequency 
are obtained. Then, there has been developed a transmis-
sion mass concentration equivalent model, a transmis-
sion system for forced vibration simulation, a resonance 
speed point [5].

With regard to the torsional vibration problem of the 
transmission system of pure electric tractors, this paper 
derives the electromagnetic torque expression from the 
energy point of view based on the principle of electro-
mechanics. With the use of the kinetic theory of elec-
tromechanical analysis, we develop the torsional vibra-
tion model of the electromechanical coupling of the pure 
electric tractor transmission system and establish the 
influence of the internal power factor angle on the natu-
ral frequency of transmission system under the action of 
electromechanical coupling.

1. Electromechanical coupled torsional vibration 
model

 1.1. Development of the motor model
According to the theory of motor double reaction, 

the permanent magnet synchronous motor phasor dia-
gram can be drawn when the motor is running steadily. 
The diagram is shown in Fig. 1.

In the diagram, E0 represents the electromotive force 
generated by the air gap fundamental magnetic field, 
which is called the no-load back electromotive force (V). 

Problem statement. China is a big agricultural 
country, and the new type of agricultural equipment is 
an important part of the national manufacturing industry. 
Tractors as the main power plant of agricultural machin-
ery have developed rapidly in recent years. Taking into 
account the development of new energy vehicles and 
the state’s strong support for this venture, pure electric 
tractors will inevitably replace the traditional fuel trac-
tor. Thus, the problem of vibration in pure electric trac-
tors is bound to be an important research topic. Vibra-
tion will affect the service life of the tractor’s structural 
components, causing fatigue damage and thus leading 
to accidents. Vibration and resonance are major factors 
in the electromagnetic effect as well [1]. Therefore, it 
is of great practical significance and applied value to 
study the torsional vibration of the system under the 
coupled electromagnetic excitation of the pure electric  
tractor.

At present, the study on torsional vibration of au-
tomobile power trains is conducted both in China and 
abroad. Regarding the transmission system of pure elec-
tric tractors, it is still in its initial stage. Aimed at the 
problem of vibration and noise in hybrid vehicle drive 
systems [2], Wang Kai et al. [3] established a torsional 
vibration mechanical model of compound planetary gear 
train and complete vehicle transmission system. It was 
found that the transmission system resonates at a cer-
tain speed ratio; the effect increases with the increase 
of the torsional vibration damper stiffness. Based on the 
Lagrange equation, the torsional vibration model of the 

Fig. 1. Permanent magnet synchronous motor phasor diagram
a — Ψ > 0,  b — Ψ < 0

b)а)
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Using the approximation of the Taylor expansion, 
the trigonometric functions containing φ are expanded 
and simplified by using sin x ≈ x –1/6x3, cos x ≈ 1–1/2x2. 
It enables calculating the electromagnetic torque acting 
on the rotor:

Te = k0 + k1φ + k2φ
2 + k3φ

3,                    (4)

where k0 = b1sin ψ + b2cos 2ψ; k1 = b1cos ψ + 2b2sin ψ; 
k2 = 1/2b1sin ψ + 2b2sin 2ψ; k3 = 1/6b1cos ψ + 4/3b2cos 2ψ.

 1.2. Torsional vibration model of the transmis-
sion system and solution of the mechanical natural  
frequency

Let us establish the electromechanical mass transfer 
model shown in Fig. 2 [6 – 7]. The torsional vibration 
characteristics of the electromechanical coupling of the 
pure electric tractor’s drive system are analyzed. In the 
diagram, Te is the electromagnetic torque, TL is the load 
torque.

According to the Newton’s law, the transmission sys-
tem’s torsional vibration kinetic equation is expressed as 
follows [8]:
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Let us define the following quantities: v = J1/J2;  
r = 1/(1 + v); η2 = ω2 0 – k1r/J1; μ = (1/J1 + 1/J2)C;  
β = k2r2/J1; γ = k3r3/J1. Thus, the simplified equation (5) 
can be converted to the following form:
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1.3. Natural frequency analysis 

In this calculation, motor rotor inertia J1 = 0.067 kg·m2, mechanical rotor inertia J2 = 0.067 
kg·m2, damping term μ = 1.03, incentive amplitude f = 1.5. According to equation (7), the natural 
frequency of the torsional vibration system of the transmission system when electromechanically 
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The permanent magnet synchronous motor is applied a wide range of vehicles and has high 
requirements on power density, design, and weak magnetic space. Since weak magnetic motor 
control is used here, the motor’s power factor angle is ψ > 0. 
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It can be seen that when Ψ > 0, the natural frequency is coupled mechanically and the 

transmission system has as a soft characteristic. Under electromechanical coupling, the natural 
frequency can drop by 40% under overload conditions. The design and control of the permanent 
magnet synchronous motor needs to take into account the influence of the internal power factor 
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Ed is the electromotive force generated by the direct-
axis component of the fundamental magnetic field of 
air-gap synthesis and is called the in-axis electromotive 
force (V). Eδ is the electromotive force generated by the 
air-gap synthetic fundamental magnetic field, which is 
called the air-gap combined electromotive force (V). Fur-
ther on, θ is the power angle, φ is the power factor angle, 
Ψ is the internal power factor angle. In Fig. 1, a, current 
İ1 ahead of the no-load back-EMF Ė0, Ψ > 0; straight-
axis armature reaction is demagnetization. The EMF Ed 
within the direct axis of the motor is less than the no-load 
back-EMF E0. In Fig. 1, b, current İ1 is lagging behind the 
no-load back-EMF, Ψ < 0. Axial armature reactions are 
all of magnetic properties, resulting in the motor shaft 
EMF Ed being greater than the no-load back-EMF E0.

In our study, ω is the electrical angular velocity of the 
motor; Ω is the mechanical angular velocity, ω = pΩ; m is 
the motor phase number; p is the pole pair number of the 
motor; E0 is the no-load back-EMF. As evidenced by Fig. 
1, the current stator of the straight cross-axis shafts can be 
expressed with the help of the following relationship:
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The stator phase current, input power, electromagnetic torque and other basic parameters of 
the motor can be derived as follows from formula 2: 
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where N is the number of turns per phase in series; Φ10 is the fundamental flux of the permanent 
magnet; Am is the area of the permanent magnet; f is the power frequency; Kdp is the fundamental 
winding coefficient; Br is the permanent magnet remanence ;σ0 is the no-load magnetic-leakage 
coefficient; bm0 is the permanent magnet no-load operating point assumed value; KΦ is the air gap  
flux waveform coefficient; αi is the pole arc coefficient; αp is the arc coefficient; δ is the air gap 
length; D is the stator diameter. 
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where N is the number of turns per phase in series; Φ10 is the fundamental flux of the permanent 
magnet; Am is the area of the permanent magnet; f is the power frequency; Kdp is the fundamental 
winding coefficient; Br is the permanent magnet remanence ;σ0 is the no-load magnetic-leakage 
coefficient; bm0 is the permanent magnet no-load operating point assumed value; KΦ is the air gap  
flux waveform coefficient; αi is the pole arc coefficient; αp is the arc coefficient; δ is the air gap 
length; D is the stator diameter. 

Thinking that 0
1

d

mpE Ub
X

, 
2

2
1 1

2 d q

mpUb
X X

, it follows that 

1 2sin sin2eT b b                           (3) 
As can be seen from the vector diagram 1, θ=φ+ψ, the sinθ and sin2θ trigonometric functions 

are expanded. 
Using the approximation of the Taylor expansion, the trigonometric functions containing φ 

are expanded and simplified by using sinx≈x-1/6x3, cosx≈1-1/2x2. It enables calculating the 
electromagnetic torque acting on the rotor: 

2 3
0 1 2 3eT k k k k ,                             (4) 

where k0 = b1sinψ + b2cos2ψ; k1 = b1cosψ + 2b2sinψ; k2 = 1/2b1sinψ + 2b2sin2ψ; k3 = 1/6b1cosψ + 
4/3b2cos2ψ. 

 
1.2. Torsional vibration model of the transmission system and solution of the mechanical 
natural frequency 

Let us establish the electromechanical mass transfer model shown in Fig. 2 [6-7]. The 
torsional vibration characteristics of the electromechanical coupling of the pure electric tractor’s 
drive system are analyzed. In the diagram, Te is the electromagnetic torque, TL is the load torque. 

 
Fig. 2. Electromechanical and mechanical coupling transmission system 

                     (2)

where N is the number of turns per phase in series; Φ10 is 
the fundamental flux of the permanent magnet; Am is the 
area of the permanent magnet; f is the power frequency; 
Kdp is the fundamental winding coefficient; Br is the per-
manent magnet remanence ;σ0 is the no-load magnetic-
leakage coefficient; bm0 is the permanent magnet no-load 
operating point assumed value; KΦ is the air gap flux 
waveform coefficient; αi is the pole arc coefficient; αp is 
the arc coefficient; δ is the air gap length; D is the stator 
diameter.

Thinking that 

 

1 0

2
1

1 0

2
1

sin cos
,

sin cos
.

q
d

d q

d
q

d q

R U X E U
I

R X X
X U R E U

I
R X X

                    (1) 

The stator phase current, input power, electromagnetic torque and other basic parameters of 
the motor can be derived as follows from formula 2: 

0 10

0 4
10

0

2

4
6

2 1

4.44 ,

10

8 sin
2

.
p

dp

m r m

i

i

i p D
p

E fK N
b B AK

K

，

，
                        (2) 

where N is the number of turns per phase in series; Φ10 is the fundamental flux of the permanent 
magnet; Am is the area of the permanent magnet; f is the power frequency; Kdp is the fundamental 
winding coefficient; Br is the permanent magnet remanence ;σ0 is the no-load magnetic-leakage 
coefficient; bm0 is the permanent magnet no-load operating point assumed value; KΦ is the air gap  
flux waveform coefficient; αi is the pole arc coefficient; αp is the arc coefficient; δ is the air gap 
length; D is the stator diameter. 

Thinking that 0
1

d

mpE Ub
X

, 
2

2
1 1

2 d q

mpUb
X X

, it follows that 

1 2sin sin2eT b b                           (3) 
As can be seen from the vector diagram 1, θ=φ+ψ, the sinθ and sin2θ trigonometric functions 

are expanded. 
Using the approximation of the Taylor expansion, the trigonometric functions containing φ 

are expanded and simplified by using sinx≈x-1/6x3, cosx≈1-1/2x2. It enables calculating the 
electromagnetic torque acting on the rotor: 

2 3
0 1 2 3eT k k k k ,                             (4) 

where k0 = b1sinψ + b2cos2ψ; k1 = b1cosψ + 2b2sinψ; k2 = 1/2b1sinψ + 2b2sin2ψ; k3 = 1/6b1cosψ + 
4/3b2cos2ψ. 

 
1.2. Torsional vibration model of the transmission system and solution of the mechanical 
natural frequency 

Let us establish the electromechanical mass transfer model shown in Fig. 2 [6-7]. The 
torsional vibration characteristics of the electromechanical coupling of the pure electric tractor’s 
drive system are analyzed. In the diagram, Te is the electromagnetic torque, TL is the load torque. 

 
Fig. 2. Electromechanical and mechanical coupling transmission system 

, 

 

1 0

2
1

1 0

2
1

sin cos
,

sin cos
.

q
d

d q

d
q

d q

R U X E U
I

R X X
X U R E U

I
R X X

                    (1) 

The stator phase current, input power, electromagnetic torque and other basic parameters of 
the motor can be derived as follows from formula 2: 

0 10

0 4
10

0

2

4
6

2 1

4.44 ,

10

8 sin
2

.
p

dp

m r m

i

i

i p D
p

E fK N
b B AK

K

，

，
                        (2) 

where N is the number of turns per phase in series; Φ10 is the fundamental flux of the permanent 
magnet; Am is the area of the permanent magnet; f is the power frequency; Kdp is the fundamental 
winding coefficient; Br is the permanent magnet remanence ;σ0 is the no-load magnetic-leakage 
coefficient; bm0 is the permanent magnet no-load operating point assumed value; KΦ is the air gap  
flux waveform coefficient; αi is the pole arc coefficient; αp is the arc coefficient; δ is the air gap 
length; D is the stator diameter. 

Thinking that 0
1

d

mpE Ub
X

, 
2

2
1 1

2 d q

mpUb
X X

, it follows that 

1 2sin sin2eT b b                           (3) 
As can be seen from the vector diagram 1, θ=φ+ψ, the sinθ and sin2θ trigonometric functions 

are expanded. 
Using the approximation of the Taylor expansion, the trigonometric functions containing φ 

are expanded and simplified by using sinx≈x-1/6x3, cosx≈1-1/2x2. It enables calculating the 
electromagnetic torque acting on the rotor: 

2 3
0 1 2 3eT k k k k ,                             (4) 

where k0 = b1sinψ + b2cos2ψ; k1 = b1cosψ + 2b2sinψ; k2 = 1/2b1sinψ + 2b2sin2ψ; k3 = 1/6b1cosψ + 
4/3b2cos2ψ. 

 
1.2. Torsional vibration model of the transmission system and solution of the mechanical 
natural frequency 

Let us establish the electromechanical mass transfer model shown in Fig. 2 [6-7]. The 
torsional vibration characteristics of the electromechanical coupling of the pure electric tractor’s 
drive system are analyzed. In the diagram, Te is the electromagnetic torque, TL is the load torque. 

 
Fig. 2. Electromechanical and mechanical coupling transmission system 

, it fol-
lows that

Te = b1sin θ + b2sin θ,                           (3)
As can be seen from the vector diagram 1, θ = φ + ψ, 

the sin θ and sin 2θ trigonometric functions are expanded.
Fig. 2. Electromechanical and mechanical coupling transmission 
system

 

1 0

2
1

1 0

2
1

sin cos
,

sin cos
.

q
d

d q

d
q

d q

R U X E U
I

R X X
X U R E U

I
R X X

                    (1) 

The stator phase current, input power, electromagnetic torque and other basic parameters of 
the motor can be derived as follows from formula 2: 

0 10

0 4
10

0

2

4
6

2 1

4.44 ,

10

8 sin
2

.
p

dp

m r m

i

i

i p D
p

E fK N
b B AK

K

，

，
                        (2) 

where N is the number of turns per phase in series; Φ10 is the fundamental flux of the permanent 
magnet; Am is the area of the permanent magnet; f is the power frequency; Kdp is the fundamental 
winding coefficient; Br is the permanent magnet remanence ;σ0 is the no-load magnetic-leakage 
coefficient; bm0 is the permanent magnet no-load operating point assumed value; KΦ is the air gap  
flux waveform coefficient; αi is the pole arc coefficient; αp is the arc coefficient; δ is the air gap 
length; D is the stator diameter. 

Thinking that 0
1

d

mpE Ub
X

, 
2

2
1 1

2 d q

mpUb
X X

, it follows that 

1 2sin sin2eT b b                           (3) 
As can be seen from the vector diagram 1, θ=φ+ψ, the sinθ and sin2θ trigonometric functions 

are expanded. 
Using the approximation of the Taylor expansion, the trigonometric functions containing φ 

are expanded and simplified by using sinx≈x-1/6x3, cosx≈1-1/2x2. It enables calculating the 
electromagnetic torque acting on the rotor: 

2 3
0 1 2 3eT k k k k ,                             (4) 

where k0 = b1sinψ + b2cos2ψ; k1 = b1cosψ + 2b2sinψ; k2 = 1/2b1sinψ + 2b2sin2ψ; k3 = 1/6b1cosψ + 
4/3b2cos2ψ. 

 
1.2. Torsional vibration model of the transmission system and solution of the mechanical 
natural frequency 

Let us establish the electromechanical mass transfer model shown in Fig. 2 [6-7]. The 
torsional vibration characteristics of the electromechanical coupling of the pure electric tractor’s 
drive system are analyzed. In the diagram, Te is the electromagnetic torque, TL is the load torque. 

 
Fig. 2. Electromechanical and mechanical coupling transmission system 



ИССлЕДОвАНИЯ И РАзРАБОТКИ

№2 (8) 2017smi.nuos.edu.ua    smi@nuos.edu.ua

40

 

angle, since it is an important factor affecting the natural frequency of torsional vibration of a 
transmission system. Therefore, the permanent magnet synchronous motor requires a rational 
control of the range of internal power factor angles. 

 

2. Main Resonance Analysis of Electromechanical Coupling Torsion 
Main resonance refers to the resonance when the external excitation frequency ω is close to 

the natural frequency η of the derived system. If it is a damping system, a small excitation 
amplitude f stimulates strong resonance, and there is a step-by-step multi-scale derivation of the 
following autonomous differential equations [9; 10]: 
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frequency response and the phase frequency response are simplified, with the following expressions 
obtained, respectively: 

22222 )
2

(])
8
3()

2
1[( faa

                 
(11) 

)

4
3)(2

(tan
2

1

a
                    

(12) 

In the range of fa0 , the external excitation frequency ω can be calculated from the 

following equation: 

222 )
2

()
2

(
8
3 fa                (13)

 

 

3. Analysis of the main resonance frequency values 

,                  (9)

To determine the amplitude α and phase φ of a sta-
tionary solution corresponding to the steady-state mo-
tion, let us accept D1α = 0, D1φ = 0 for equation (9) to 
obtain an algebraic equation satisfying the amplitude α 
and φ:

 

angle, since it is an important factor affecting the natural frequency of torsional vibration of a 
transmission system. Therefore, the permanent magnet synchronous motor requires a rational 
control of the range of internal power factor angles. 

 

2. Main Resonance Analysis of Electromechanical Coupling Torsion 
Main resonance refers to the resonance when the external excitation frequency ω is close to 

the natural frequency η of the derived system. If it is a damping system, a small excitation 
amplitude f stimulates strong resonance, and there is a step-by-step multi-scale derivation of the 
following autonomous differential equations [9; 10]: 

cos
28

3

sin
22

1

3
1

1

faaaD

faaD
             (9)

 

To determine the amplitude ɑ and phase φ of a stationary solution corresponding to the 

steady-state motion, let us accept 01aD , 1D  = 0 for equation (9) to obtain an algebraic 

equation satisfying the amplitude ɑ and φ: 

cos
28

3

sin
22

1

3 faa

fa

              

(10) 

The sum of two squares is added to eliminate φ. Thus, the equations for the reduced amplitude 
frequency response and the phase frequency response are simplified, with the following expressions 
obtained, respectively: 

22222 )
2

(])
8
3()

2
1[( faa

                 
(11) 

)

4
3)(2

(tan
2

1

a
                    

(12) 

In the range of fa0 , the external excitation frequency ω can be calculated from the 

following equation: 

222 )
2

()
2

(
8
3 fa                (13)

 

 

3. Analysis of the main resonance frequency values 

,                  (10)

The sum of two squares is added to eliminate φ. Thus, 
the equations for the reduced amplitude frequency re-
sponse and the phase frequency response are simplified, 
with the following expressions obtained, respectively:

 

angle, since it is an important factor affecting the natural frequency of torsional vibration of a 
transmission system. Therefore, the permanent magnet synchronous motor requires a rational 
control of the range of internal power factor angles. 

 

2. Main Resonance Analysis of Electromechanical Coupling Torsion 
Main resonance refers to the resonance when the external excitation frequency ω is close to 

the natural frequency η of the derived system. If it is a damping system, a small excitation 
amplitude f stimulates strong resonance, and there is a step-by-step multi-scale derivation of the 
following autonomous differential equations [9; 10]: 

cos
28

3

sin
22

1

3
1

1

faaaD

faaD
             (9)

 

To determine the amplitude ɑ and phase φ of a stationary solution corresponding to the 

steady-state motion, let us accept 01aD , 1D  = 0 for equation (9) to obtain an algebraic 

equation satisfying the amplitude ɑ and φ: 

cos
28

3

sin
22

1

3 faa

fa

              

(10) 

The sum of two squares is added to eliminate φ. Thus, the equations for the reduced amplitude 
frequency response and the phase frequency response are simplified, with the following expressions 
obtained, respectively: 

22222 )
2

(])
8
3()

2
1[( faa

                 
(11) 

)

4
3)(2

(tan
2

1

a
                    

(12) 

In the range of fa0 , the external excitation frequency ω can be calculated from the 

following equation: 

222 )
2

()
2

(
8
3 fa                (13)

 

 

3. Analysis of the main resonance frequency values 

,          (11)

 

angle, since it is an important factor affecting the natural frequency of torsional vibration of a 
transmission system. Therefore, the permanent magnet synchronous motor requires a rational 
control of the range of internal power factor angles. 

 

2. Main Resonance Analysis of Electromechanical Coupling Torsion 
Main resonance refers to the resonance when the external excitation frequency ω is close to 

the natural frequency η of the derived system. If it is a damping system, a small excitation 
amplitude f stimulates strong resonance, and there is a step-by-step multi-scale derivation of the 
following autonomous differential equations [9; 10]: 

cos
28

3

sin
22

1

3
1

1

faaaD

faaD
             (9)

 

To determine the amplitude ɑ and phase φ of a stationary solution corresponding to the 

steady-state motion, let us accept 01aD , 1D  = 0 for equation (9) to obtain an algebraic 

equation satisfying the amplitude ɑ and φ: 

cos
28

3

sin
22

1

3 faa

fa

              

(10) 

The sum of two squares is added to eliminate φ. Thus, the equations for the reduced amplitude 
frequency response and the phase frequency response are simplified, with the following expressions 
obtained, respectively: 

22222 )
2

(])
8
3()

2
1[( faa

                 
(11) 

)

4
3)(2

(tan
2

1

a
                    

(12) 

In the range of fa0 , the external excitation frequency ω can be calculated from the 

following equation: 

222 )
2

()
2

(
8
3 fa                (13)

 

 

3. Analysis of the main resonance frequency values 

,              (12)

In the range of 0 < a ≤ f /ημ , the external excitation 
frequency ω can be calculated from the following equa-
tion:
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 3. Analysis of the main resonance frequency val-
ues

As shown in Fig. 4, three cases of Ψ = 0, Ψ = π / 4 and 
Ψ = π / 2 are selected for analysis. When Ψ = 0, the re-
sponse curve is symmetrical, and the resonance frequen-
cy is controlled in a very narrow frequency band, which 
is a linear forced vibration. When Ψ > 0, the amplitude-

 1.3. Natural frequency analysis
In this calculation, motor rotor inertia J1 = 0.067 kg·m2, 

mechanical rotor inertia J2 = 0.067 kg·m2, damping term 
μ = 1.03, incentive amplitude f = 1.5. According to equa-
tion (7), the natural frequency of the torsional vibration 
system of the transmission system when electromechani-
cally coupled is obtained as follows:
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Let us define the following quantities: v = J1/J2; r = 1/(1+v); η2 = ω2 0-k1r/J1; μ = (1/J1 + 
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form: 
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The permanent magnet synchronous motor is applied 
a wide range of vehicles and has high requirements on 
power density, design, and weak magnetic space. Since 
weak magnetic motor control is used here, the motor’s 
power factor angle is ψ > 0.

It can be seen that when Ψ > 0, the natural frequency 
is coupled mechanically and the transmission system 
has as a soft characteristic. Under electromechanical 
coupling, the natural frequency can drop by 40 % under 
overload conditions. The design and control of the per-
manent magnet synchronous motor needs to take into ac-
count the influence of the internal power factor angle, 
since it is an important factor affecting the natural fre-
quency of torsional vibration of a transmission system. 
Therefore, the permanent magnet synchronous motor 
requires a rational control of the range of internal power 
factor angles.

2. Main Resonance Analysis of Electromechanical 
Coupling Torsion

Main resonance refers to the resonance when the 
external excitation frequency ω is close to the natural 
frequency η of the derived system. If it is a damping 
system, a small excitation amplitude f stimulates strong 
resonance, and there is a step-by-step multi-scale deriva-
tion of the following autonomous differential equations 
[9; 10]:
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frequency response of the main resonance

Fig. 3. Frequency ratio changes with the internal power factor 
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right increases, making the resonance and unstable areas larger. This results in the resonance of the 
transmission system of the pure electric tractor during its normal operation. 
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istics of the system is analyzed. The study allows draw-
ing the following conclusions.

When the internal power factor angle ψ > 0, the 
natural frequency of the torsional vibration of the trans-
mission system declines, which easily makes the natural 
frequency enter the normal working range of the motor. 
Considering that the design and control of the automo-
tive permanent magnet synchronous motor are in a weak 
magnetic field, its size requires a reasonable control.

If the internal power factor angle is increased from 
0 to π/2, the change of the electromagnetic parameters 
leads to the resonance of the transmission system and the 
increase of the unstable area. In this case, the transmis-
sion system may feature the saddle-junction bifurcation 
and jump phenomenon, causing fatigue damage to its 
components, which is detrimental to the stable operation 
of the transmission system.

frequency curve is bent to the right, which is a nonlin-
ear forced vibration. As Ψ increases, the degree of the 
curve’s skewing increases with the move to the left, and 
the amplitude increases. In addition, with the increase of 
the internal power factor angle, the amplitude of the re-
sponse curve bending to the right increases, making the 
resonance and unstable areas larger. This results in the 
resonance of the transmission system of the pure electric 
tractor during its normal operation.

CONCLUSIONS. In this paper, the torsional vi-
bration model of the electromechanical coupling of the 
transmission system of the pure electric tractor driven by 
PMSM is established by deriving the analytic equation 
of electromagnetic torque. Based on this, the influence of 
the internal power factor angle on the natural frequency 
of the transmission system is studied, and the influence 
of motor parameters on the torsional vibration character-
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Abstract. Traditional robust control, or adaptive control, is based on accurate models. They 
can only control the systems with sufficiently small or constant uncertainty. To overcome 
the shortcoming, the paper proposes an unfalsified control based on data driving, which is a 
type of model-free adaptive control. The method is data-driven and thus does not rely on the 
system model. The designed controller is simple and highly adaptable to online application. 
In this paper, the basic theory of unfalsified control is introduced and applied to the real-time 
tuning and adaptation of the PID controller parameters. Simulation is also conducted when 
there is disturbance with the system. The result shows that the algorithm is actually fairly 
robust to noise and perturbation. The feasibility and effectiveness of this algorithm are also 
proved by the simulation results.

Keywords: unfalsified control; PID; data driving; model-free control.
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Abstract: A fuzzy control system for measuring methane concentration has been designed on 
the basis of FPGA. The fuzzy control algorithm and establishment of the fuzzy control rules are 
considered in detail, and implementation of the fuzzy control system is realized based on FPGA. 
Compared with traditional control methods, the system has a high control accuracy and unobvious 
hysteresis． 

Keywords: FPGA; fuzzy control; measurement of methane concentration. 
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Compared with the general switching control method, 
unfalsified control acts on the system before close-loop 
feedback and can switch or choose the controller based 
on the cost function built by the measured data of the 
object; it provides a good transient response.

The structural block diagram of a basic unfalsified 
control system is shown in Fig. 1.

In Fig.1, r designates the input signal, N stands 
for the number of elements in the controller set, and 
xoi(i = 1, 2,  …, N) stands for the initial state of the con-
troller. Thus, xop is the initial state of the object, up is the 
input of the controlled device, and yp is the output of 
the controlled device. Finally, d stands for interference, 
and n stands for noise. Supervision organization is used 
to complete unfalsified control of the controller. The spe-
cific process is to calculate the performance index based 
on the real-time input and output data measured in the 
system and select the controller that meets static and 
dynamic performance to force the system; the falsified 
controller that does not fit is abandoned.

Data set, controller set and performance index are the 
most important elements in the unfalsified control theory. 
Whether the controller is unfalsified can be judged by 
intersection of the two sets. In order to explain thу es-
sence of unfalsified control, let us define the following 
notions.

Definition 1: Falsified controller [5]. When the con-
troller is placed in the control loop, its compliance with 
the performance index can be judged by the input and 
output data measured in the system. If the controller is 
unfalsified, it can meet the performance index of the sys-
tem.

Definition 2: Measured data set is described as fol-
lows:

Pdata = {(r, y, u) ∈ R×Y×U | y = Pu}.            (1)

Controller set:

K = {(r, y, u) ∈ R×Y×U | u = K[r y]T }.          (2)

Performance index is expressed as follows:

Tspec = {(r, y, u) ∈ R×Y×U || J(r, y, u) ≤ 0}.        (3)

Problem statement. The mathematical model of 
the controlled system is the basis of the application of 
modern control theory. Yet, when the controlled object 
cannot be accurately modeled or the model uncertainty is 
beyond upper threshold, it is difficult to achieve the de-
sired control objectives with a single controller. In order 
to solve these problems, Michael. G. Safonov proposed 
the unfalsified control theory based on simulated human 
decision-making [1]. It is a control strategy different 
from multi-mode control, implying that different con-
trollers are applied to the controlled object at different 
working intervals, and the optimal controller is chosen 
based on the information of open-loop or closed-loop 
systems. The traditional methods of theoretical analysis 
based on transfer function are Root-locus Method and 
Nyquist Theory, but they are not suitable for unfalsified 
control, being a mathematical screening method without 
model [2].

This paper presents an unfalsified control method 
based on data [3]. It introduces an adaptive method of 
PID parameters adjustment without the system model 
and emulates the system with the algorithm of the unfal-
sified control method.

Basic material.

 1. Theory of unfalsified control
The basic idea of unfalsified control is as follows. 

At first, a set of controller parameters is built that satis-
fies the performance index based on the measured data. 
When the control method used in the system is denied 
based on the new data measured in the current circuit, 
a new controller is switched automatically. When all 
the control methods in the control set comply with the 
measured data and can meet the performance index, an 
optimization algorithm is designed to reduce the feasible 
region of the appropriate controller.

Switching control methods are divided into indirect 
switching and direct switching, namely, multiple model 
control and multiple controller [4]. Unfalsified control is 
a direct switching method based on a multiple controller. 

Fig. 1. Configuration of an unfalsified control system
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In Fig.1, r designates the input signal, N stands for the number of elements in the 
controller set, and xoi(i = 1, 2, …, N) stands for the initial state of the controller. Thus, 
xop is the initial state of the object, up is the input of the controlled device, and yp is the 
output of the controlled device. Finally, d stands for interference, and n stands for 
noise. Supervision organization is used to complete unfalsified control of the 
controller. The specific process is to calculate the performance index based on the 
real-time input and output data measured in the system and select the controller that 
meets static and dynamic performance to force the system; the falsified controller that 
does not fit is abandoned. 
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A PID controller with approximate differential parts 
is shown in formula 5:

.                (5)

The standard PID controller gain kP > 0, kI > 0, kD > 0 
is a causal relationship reversible [9]. For each controller 
Ki, there exists a unique virtual reference signal ri based 
on the measured data u(t) and y(t). As shown in formu-
la 6, ri can be calculated based on the measured array 
(u, y). There, Ki = [kPi, kIi, kDi] is a subset in Rn×3, Rn×3 is 
a parameter set of the controller, and n stands for for any 
real number [10].

.                  (6)

For any moment of time τ, the relation between Tspec 
and a set of three dimensional arrays can be described 
with the integral inequality shown in formula 7:

.      (7)

where ρ ≥ 0, u(t), y(t), t ∈ [0, τ] are the measured object 
data, ri(t) stands for the virtual reference signal of the 
controller Ki, and Tspec (ri(t), y(t), u(t)) stands for the per-
formance index [11]. Performance index designed in this 
paper is described as follows:

Tspec(ri(t), y(t), u(t)) = |w1 * (y – r)|2 + |w2 * u|2 – |r|2 – ρ2. (8)

where w1 and w2 are designed as weight function, and 
* stands for the convolution operator.

Upgrading formula 1, the necessary condition for the 
measured data u(t), y(t) proved to be unfalsified of the 
i-th candidate PID controller Ki is shown in formula 9:

J(i, k∆t) ∀ t ∈ [0, τ].                        (9)

where Ji ≤ 0 correspond to all controllers; the controller 
which has minimum Ji is used as the optimal controller 
in circuit.

The flowchart of the unfalsified control algorithm is 
shown in Fig. 3.

 3. Simulation Results
The simulation parameter is designed as follows. 

The candidate controller consists of 30 groups of con-
trollers with P, I, D and KP = {5, 10, 25, 80, 110}, 
KI = {2, 50, 100}, KD = {0.5, 0.6}.

Whether the controller is falsified or unfalsified can 
be judged by calculating the intersection of these sets.

Theorem 1. The necessary condition of the control-
ler K proved to be unfalsified is if and only if one of the 
measured data Pdata satisfies (r0, y0, u0) ∈ Pdata ∩ K, in 
other words, at least one array (u1, y1) satisfies the fol-
lowing formula:

(r0, y1, u1) ∈ Pdata ∩ K ∩ Tspec                 (4)

When the open- or close-loop data from other ac-
tivated controller Ki is used for the performance of an 
alternative controller in the process of estimating, ficti-
tious reference signal r (Ki, up, yp) plays an important role 
in the system [6]. This is caused by the use of fictitious 
reference signal, which makes the controller switching 
timely and easy to handle. Fictitious reference signal is 
defined as follows.

Definition 3. ri for fictitious reference signal.
Given the object data (u, y) and an alternative control-

ler Ki, the fictitious reference signal is defined as follows. 
During data acquisition, controller is in the feedback cir-
cuit, and fictitious reference signal generates the same sig-
nal (u, y). As long as the controller is reversible, the ficti-
tious reference signal ri = Ki

–1 (u) + y of controller Ki can 
be calculated with the help of the measured data (u, y).

 2. Adaptive PID algorithm based on unfalsified 
theory

PID control is easy to implement and adjust with 
its own characteristics; it is widely used both in indus-
try control and aviation [7]. Many methods have found 
practical application in tuning of the parameters of PID 
control, but with the increased complexity of the system, 
traditional ways to achieve parameter adjustment are be-
coming more difficult to implement. This paper presents 
a method for the PID parameter tuning only with input 
and output data, without the object model. The specific 
control structure is shown in Fig. 2.

A self-adapting data-driven PID algorithm is used 
in order to autoselect three PID control parameters, kP, 
kI, and kD. A data-driven algorithm is a kind of recursive 
operation based on unfalsified control theory [8]. The 
data measured in the system is used in control progress 
in order to judge whether the PID parameter can meet 
the command of systems, applying this method for self 
regulation.

Fig. 2. Configuration of PID unfalsified control system
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For any moment of time , the relation between  and a set of three 
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  (7) 

where , u(t), y(t),  are the measured object data,  stands for 

the virtual reference signal of the controller Ki, and  stands for 

the performance index [11]. Performance index designed in this paper is described as 
follows: 

  (8) 

where  and  are designed as weight function, and * stands for the 
convolution operator. 

Upgrading formula 1, the necessary condition for the measured data u(t), y(t) 
proved to be unfalsified of the i-th candidate PID controller Ki is shown in formula 9: 

  (9) 
where  correspond to all controllers; the controller which has minimum 

 is used as the optimal controller in circuit. 
The flowchart of the unfalsified control algorithm is shown in Fig. 3. 
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The transfer function of the unknown object is ex-

pressed as P(s) 
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sampling time of ∆t = 0.05s, ε = 0.01. The initial condi-
tion is ρ=0, the step signal is used as input signal. The 
simulation results are shown in Fig. 4 – 7.

The 30th controller is chosen as the initial controller, 
the corresponding parameter is [5, 2, 0.5]. As shown in 
the simulation results, this parameter group cannot meet 
the command the performance index of the system, since 
the system is not stable thereat. Hence, The controller is 
switched. The parameter group [110, 100, 0.6] is chosen 
as the optimal one. As shown in Fig. 4, a good output re-
sponse is achieved and the system is stable. In summary, 
with unfalsified control, whether the controller can meet 
the performance index is judged by the real-time mea-
sured data. If so, the best controller is chosen, while other 
controllers are abandoned. Parameter-adaptive tuning of 
PID control is realized by means of unfalsified control.

Interference is inevitable in actual systems. To ad-
dress this issue, simulation results with noise and im-
pulse interference are shown in Fig. 8 – 15.

Band-limited white noise with amplitude of 0.1 and 
sampling time of 0.1 s is added to the system; the simula-
tion results are shown in Fig. 8 – 11.

 Pulse perturbations with amplitude of 1 and cycle 
of 2 s are added to simulation; the results are shown in 
Fig. 12 – 15.
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Fig. 5. Switching of PID parameters

Fig. 4. Switching sequence of controllers

Fig. 3. Flowchart of the unfalsified control algorithm

 
Fig. 6. System control input 

 
The 30th controller is chosen as the initial controller, the corresponding parameter 

is [5, 2, 0.5]. As shown in the simulation results, this parameter group cannot meet the 
command the performance index of the system, since the system is not stable thereat. 
Hence, The controller is switched. The parameter group [110, 100, 0.6] is chosen as 
the optimal one. As shown in Fig. 4, a good output response is achieved and the 
system is stable. In summary, with unfalsified control, whether the controller can meet 
the performance index is judged by the real-time measured data. If so, the best 
controller is chosen, while other controllers are abandoned. Parameter-adaptive tuning 
of PID control is realized by means of unfalsified control. 

 
Fig. 7. System output 

 
Interference is inevitable in actual systems. To address this issue, simulation 

results with noise and impulse interference are shown in Fig. 8-15. 

 
Fig. 6. System control input 

 
The 30th controller is chosen as the initial controller, the corresponding parameter 

is [5, 2, 0.5]. As shown in the simulation results, this parameter group cannot meet the 
command the performance index of the system, since the system is not stable thereat. 
Hence, The controller is switched. The parameter group [110, 100, 0.6] is chosen as 
the optimal one. As shown in Fig. 4, a good output response is achieved and the 
system is stable. In summary, with unfalsified control, whether the controller can meet 
the performance index is judged by the real-time measured data. If so, the best 
controller is chosen, while other controllers are abandoned. Parameter-adaptive tuning 
of PID control is realized by means of unfalsified control. 

 
Fig. 7. System output 

 
Interference is inevitable in actual systems. To address this issue, simulation 

results with noise and impulse interference are shown in Fig. 8-15. 

 
Fig. 4. Switching sequence of controllers 

 

 
Fig. 5. Switching of PID parameters 

 

All Controller 
No. of Switched 

C
ontroller N

um
ber 

 
Fig. 4. Switching sequence of controllers 

 

 
Fig. 5. Switching of PID parameters 

 

All Controller 
No. of Switched 

C
ontroller N

um
ber 

Parameters
Initialization

Determine PID 
Controller Set K

Measured Data
u(k∆t),y(k∆t)

i=i+1,Calculate Performance Index 
J(i,k∆t),i=1,2,…,N

J(i,k∆t)>0

i=N?

i=arg min(Ji)

i=0?

K=k+1

Y

Y

N

N

Y

N

 
Fig. 3. Flowchart of the unfalsified control algorithm 

 

3. Simulation Results 
The simulation parameter is designed as follows. The candidate controller 

consists of 30 groups of controllers with P, I, D and , 
, . 

The transfer function of the unknown object is expressed as 

, other simulation parameters include , 

, sampling time of , . The initial condition is 

, the step signal is used as input signal. The simulation results are shown in Fig. 
4-7. 

As indicated by the charts, when pulse perturbations 
and noise interference are added to the system, stable 
output can still be achieved with the help of unfalsified 
control, which can choose the best PID controller. A high 
anti-interference ability can be achieved when unfalsi-
fied control is used in the PID parameter tuning.
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 CONCLUSIONS. In this paper, we have studied the unfalsified control theory and applied it to the PID param-
eter self-adaption. The study shows the stabilized, fast and effective controller switched into cycle is based on the un-
falsified control theory. With the continuous improvement, the unfalsified control theory will be widely implemented 
in practice.
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Abstract. The paper analyzes a method for fault diagnosis proposed for the heat pump DK-
FXRS-17II. In order to enhance the detection of heat pump’s soft faults and determine the 
location of the soft faults, and fix them without delay, it establishes the technique of fault 
diagnosis based on Genetic Algorithm and Back-Propagation neural network. The MATLAB 
simulation verifies the feasibility of the algorithm and can be applied to the monitoring sys-
tem of heat pump.
Keywords: genetic algorithm; back-propagation network; fault diagnosis.
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Abstract. Since process measurement data inevitably contain random or gross errors, it requires 

reconciliation. Dynamic data reconciliation methods have limitations in handling. Based on the 
robust estimation principle, a new robust estimation function is proposed in this paper. With its 
advantages in mathematic concepts and parameter adjustment, it can reconcile and detect random 
and gross errors simultaneously. The dynamic data correction method for particle filter has the 
problem of particle shortage. The combination of robust estimation and particle filter is used to 
update the particle weight by means of a robust function. Moreover, the particle filter can increase 
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Abstract. Since process measurement data inevitably contain random or gross errors, it requires 

reconciliation. Dynamic data reconciliation methods have limitations in handling. Based on the 
robust estimation principle, a new robust estimation function is proposed in this paper. With its 
advantages in mathematic concepts and parameter adjustment, it can reconcile and detect random 
and gross errors simultaneously. The dynamic data correction method for particle filter has the 
problem of particle shortage. The combination of robust estimation and particle filter is used to 
update the particle weight by means of a robust function. Moreover, the particle filter can increase 
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The error function:

BP neural network is a typical feedforward artificial network. Generally, it is composed of 
an input layer, a hidden layer and an output layer. The hidden layer can contain several layers [4]. 
Fig. 1 shows a BP neural network with three layers. 
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When the error propagates backwards, the weights in the output layer is expressed as 
follows: 

2
2 2

( ) 2

k
ki

ki k ki

k k i ki i

aE Ew
w a w

t a f s s

 

  

 
    

  
      

               (4) 

As part of formula 4, ki  is defined as follows: 

( ) 2 2ki k k kt a f e f                 k k ke t a                  (5) 

Similarly, the thresholds in the output layer are equal to the following: 
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Within formula 7, ij is defined in the following way: 
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Similarly, the thresholds in the hidden layer are expressed as 

1i ijb                              (9) 

Through the procedure given above, the weights and thresholds of each layer of BP neural 
network can be obtained [5]. 

The BP neural network adopts the error back propagation algorithm. Firstly, the activation 
of neurons spreads back layer by layer; meanwhile, training samples are used to train the 
network. Then, the output response of the output layer neurons is obtained. After that, in order to 
reduce the mean square error between the actual output and the target output, the connection 
weights and thresholds are corrected layer by layer, while the mean square error is transmitted 
backward. With the continuous improvement, the error between the actual output and the target 
output of the network is also getting smaller and smaller. The nonlinear image of the new sample 
can be obtained after the appropriate network connection value is obtained. 
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values. In this paper, the common soft faults are simulated through the study of the heat pump 
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spreads back layer by layer; meanwhile, training samples 
are used to train the network. Then, the output response 
of the output layer neurons is obtained. After that, in or-
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square error is transmitted backward. With the continu-
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and the target output of the network is also getting small-
er and smaller. The nonlinear image of the new sample 
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 Fig. 2 demonstrates the structure of a fault diagnosis 
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considers using it to optimize BP neural network in the 
fault diagnosis for heat pumps [3].
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 1. Fault diagnosis based on BP neural network 
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work with three layers.
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B. Determine and train the network structure.
Since the sample data has 8 characteristic values, 

the input layer has 8 nodes (n = 8). There are 6 types 
of faults in the sample data, thus the output layer has 
6 nodes (m = 6). The number of nodes in the hidden 
layer is determined according to the empirical formula 

Table 1 presents a partial input sample data after linear normalization of the original data 
of a heat pump. 

Table 1. Fault sample data 

Types Of Fault 1p  2p  3p  4p  5p  6p  7p  8p  

Fault Free F1 0.4253 0.7238 0.5722 0.9253 0.3007 0.1089 0.6930 0.9846 
Fault F2 0.1843 0.5543 0.1193 0.6536 0.4968 0.2600 0.8744 0.4154 
Fault F3 0.1275 0.7845 0.0766 0.9601 0.1596 0.1614 0.4708 0.3359 
Fault F4 0.8201 0.1381 0.8778 0.0255 0.8668 0.9347 0.9728 0.2795 
Fault F5 0.6744 0.6501 0.7320 0.8152 0.3925 0.0021 0.8239 0.6462 
Fault F6 0.3088 0.5967 0.3181 0.7486 0.0623 0.1146 0.7989 0.6949 

 

In Table 1, the inputs are eight characteristic values: high pressure 1p , low pressure 2p , 

condensing temperature 3p , evaporation temperature 4p , suction overheating temperature 5p , 

liquid subcooling temperature 6p , exhaust temperature 7p  and water temperature difference 

through condenser 8p .The outputs are fault free F1, refrigerant leakage F2, leakage of 

compressor vent valve F3, obstruction of liquid pipeline F4, fouling of condenser F5, and 
fouling of evaporator F6. 

The expected output values of the five faults are shown in Fig. 3. 

  
Fig. 3. The expected output values of faults 
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 There, a = 9.26 (a is the constant be-
tween 1 to 10), so h = 13. Finally, the structure of BP 
neural network is as follows: 8 – 13 – 6 nodes.

This paper sets the square sum of errors between 
the target output and the actual output equal to 0.001. 
The transfer function of the hidden layer is ‘tansig’, 
and the transfer function of the output layer is ‘log-
sig’. The training function is ‘traingda’. The target ac-
curacy is 0.001, and the maximum training period is 
1000. The sample data of Table 1 and the target output 
value of Table 2 are used to train the BP neural net-
work. Thus, the weights w1ij, w2ki and the thresholds 
b1i, b2k of the hidden layer and the output layer will be  
obtained.

C. Test network and analyze results.
In order to test the fault diagnosis ability and accu-

racy of the network, Table 2 provides 12 sets of data. The 
test data in Table 2 are input for the trained BP neural 
network, and then the program is launched.

nosis network, this paper uses a certain number of train-
ing sample sets (symptom – fault data sets) to train the 
neural network. Second, the test sample set is used as the 
input of the current diagnosis network to train.

The specific steps of fault diagnosis based on BP 
neural network using MATLAB tools are as follows [6].

A. Determine the input sample data and target output 
of the network.

Determination of the neural network input actually 
implies extraction of characteristic values. In this paper, 
the common soft faults are simulated through the study 
of the heat pump DKFXRS-17II.

Table 1 presents a partial input sample data after lin-
ear normalization of the original data of a heat pump.

In Table 1, the inputs are eight characteristic values: 
high pressure p1, low pressure p2, condensing tempera-
ture p3, evaporation temperature p4, suction overheating 
temperature p5, liquid subcooling temperature p6, exhaust 
temperature p7 and water temperature difference through 
condenser p8.The outputs are fault free F1, refrigerant 
leakage F2, leakage of compressor vent valve F3, ob-
struction of liquid pipeline F4, fouling of condenser F5, 
and fouling of evaporator F6.

The expected output values of the five faults are 
shown in Fig. 3.
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Similarly, the thresholds in the hidden layer are expressed as 
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The first step is to real code the initial weights and 
thresholds of BP neural network in a certain region to 
generate the initial population.

The second step is to calculate the fitness of the 
population by using the minimum mean square error of 
the network as an evolutionary criterion aimed at net-
work input sample data and target output. Then a set of 
weights and thresholds is obtained through the iteration 
number according to the evolutionary principle defined 
as the survival of the fittest of genetic algorithm. This 
set of weights and thresholds is the global search of the 
genetic algorithm to minimize the mean square error of 
the network.

The last step is to train the BP neural network with 
the weights and thresholds obtained by the above genetic 
algorithm, and test the samples [8].

The flow chart of BP neural network optimized by 
genetic algorithm is shown in Fig. 5.

According to the above optimization idea, this paper 
uses Genetic Algorithm Toolbox to optimize the BP net-
work in MATLAB [9] within the following framework. 

A. Initialize parameters.
The number of individuals  

       in the initial population   G = 40
The maximum genetic algebra   T = 100

In this paper, the test data were trained for 100 con-
secutive times. Two different training effects are given 
in Fig. 4.

When the BP neural network is run on the test sam-
ple, upon reaching the minimum gradient, the training 
will end automatically without achieving the required ac-
curacy. Fig. 4 b is one of the renderings that fall into the 
local minimum point.

The divergence between the above test results and 
the actual situation shows that the BP neural network 
may easily fall into the local minimum due to insuffi-
cient data sampling and the defects of the BP neural net-
work itself. Therefore, it is necessary to employ effective 
methods for its improvement, so as to better diagnose 
faults of the heat pump.

2. Implementation of the BP neural network opti-
mized with a genetic algorithm

The search space can be determined to train the net-
work to converge in optimization of the initial weights and 
thresholds based on genetic algorithm so as to obtain the 
optimal solution. This method not only realizes the gen-
eralization ability of BP neural network to the full extent, 
but also highlights the advantages of genetic algorithm in 
global search, and achieves the purpose of being fast and 
stable [7]. Specific optimization ideas are as follows.

Table 2. Test data

Number  p1 p2 p3 p4 p5 p6 p7 p8 Fault
1 0.3984 0.6759 0.4827 0.9205 0.2968 0.1110 0.7131 1.0000 F1
2 0.5142 0.7164 0.5162 0.9368 0.2494 0.1218 0.0000 0.8462 F1
3 0.2367 0.4917 0.1635 0.6462 0.5387 0.2569 0.8521 0.4692 F2
4 0.2338 0.5948 0.1576 0.7035 0.4723 0.2682 0.8648 0.3590 F2
5 0.1646 0.7680 0.0865 0.9634 0.1526 0.1562 0.5019 0.3897 F3
6 0.1158 0.7366 0.0773 0.9579 0.1561 0.1511 0.4807 0.3744 F3
7 0.8165 0.0866 0.8347 0.0000 0.8454 1.0000 0.9635 0.3949 F4
8 0.7393 0.1584 0.8218 0.1091 0.8185 0.9517 0.9511 0.3026 F4
9 0.5827 0.7551 0.7765 0.8344 0.4439 0.0000 0.8171 0.6718 F5
10 0.6344 0.6906 0.7496 0.8532 0.3626 0.0010 0.8177 0.6564 F5
11 0.3809 0.6961 0.3520 0.7516 0.0673 0.1131 0.8062 0.6846 F6
12 0.3547 0.6538 0.3844 0.7497 0.0633 0.1023 0.8020 0.7000 F6

Fig. 4. Graphs for training samples:
a — convergent; b — trapped into local minimum
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D. Decompose the obtained optimal solution into ini-
tial weights and thresholds of BP neural network. 

According to the chain coding defined above, the 
first 104 numbers are taken as the connection weights 
from the input layer to the hidden layer corresponding 
to w111, w121 ... w1131... w118, w128 ... w1138. The numbers 
105 to 182 (78 numbers total) are used as the connec-
tion weights of the hidden layer to the output layer corre-
sponding to w211, w221 ... w261 ... w2113, w2213 ... w2613. The 
numbers from 183 to 195 (13 numbers total) are used as 
the thresholds of the hidden layer corresponding to b11, 
b12 ... b113. The numbers from 196 to 201 (6 numbers 
total) are used as the thresholds of the output layer cor-
responding to b21, b22 ... b26.

E. Training of BP neural network with the initial 
weights and thresholds obtained by optimization.

The initial weights w1ij, w2ki and thresholds b1i, b2k 

obtained by optimization are brought into the BP network 

The selection probability Pselection = 0.9
The crossover probability Pcrossover = 0.7
The variation probability Pmutation = 0.1

B. Code and generate the initial population.
The structure of BP neural network for the heat pump 

unit fault diagnosis is 8 – 13 – 6 nodes. Therefore, the num-
ber of weights is 13×8 + 6×13 = 182, while the number 
of thresholds is 13 + 6 = 19. After adding, a total of 201 
values need to be optimized. Any of the weights  w1ij, 
w2ki and the thresholds b1i, b2k is coded with real numbers 
to construct a chain of codes W = (w111, w121, ... w1131... 
w211, w221, ... w261, ... b11, b113, b21, ... b26). Each code 
chain is an individual, called a chromosome [9]. Each 
weight and threshold is a gene on a chromosome. There 
are 201 genes on each chromosome. Because the number 
of individuals in the initial population is 40, there are 40 
chromosomes in this population. Any random gene on 
any chromosome of the randomly generated initial popu-
lation is a random number between –1 and 1.

C. Compute the optimal solution.
The value of fitness of each individual is calculated 

according to the selected fitness function. Then, selec-
tion, crossover and mutation operations are performed 
to generate new individuals to constitute the next gen-
eration population. The mean square error of the neural 
network is calculated according to the expected and ac-
tual output values. If the expected value εGA = 5.0 is not 
reached, the genetic operation continues. If the condition 
is satisfied within 100 generations of genetic operation, 
the final optimal solution is obtained [11].

After 100 generations of searching, the square er-
ror sum curve and the fitness curve of chromosomes are 
shown in Fig. 6. Fig. 6. Square error sum curve and fitness curve
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Fig. 5. Flowchart of BP neural network optimized with a genetic algorithm

When the BP neural network is run on the test sample, upon reaching the minimum 
gradient, the training will end automatically without achieving the required accuracy. Fig. 4 b is 
one of the renderings that fall into the local minimum point. 

The divergence between the above test results and the actual situation shows that the BP 
neural network may easily fall into the local minimum due to insufficient data sampling and the 
defects of the BP neural network itself. Therefore, it is necessary to employ effective methods 
for its improvement, so as to better diagnose faults of the heat pump. 
 
2. Implementation of the BP neural network optimized with a genetic algorithm 

The search space can be determined to train the network to converge in optimization of 
the initial weights and thresholds based on genetic algorithm so as to obtain the optimal solution. 
This method not only realizes the generalization ability of BP neural network to the full extent, 
but also highlights the advantages of genetic algorithm in global search, and achieves the 
purpose of being fast and stable [7]. Specific optimization ideas are as follows. 

The first step is to real code the initial weights and thresholds of BP neural network in a 
certain region to generate the initial population. 

The second step is to calculate the fitness of the population by using the minimum mean 
square error of the network as an evolutionary criterion aimed at network input sample data and 
target output. Then a set of weights and thresholds is obtained through the iteration number 
according to the evolutionary principle defined as the survival of the fittest of genetic algorithm. 
This set of weights and thresholds is the global search of the genetic algorithm to minimize the 
mean square error of the network. 

The last step is to train the BP neural network with the weights and thresholds obtained by 
the above genetic algorithm, and test the samples [8]. 

The flow chart of BP neural network optimized by genetic algorithm is shown in Fig. 5. 
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for its training with the input of the fault sample data of 
Table 1. Using the trained genetic neural network, the 
test data in Table 2 are tested. The training target curve 
is shown in Fig. 7.

CONCLUSIONS
By training 100 consecutive groups (1000 times), it 

was possible to achieve the level of convergence equal to 
100%. Compared to the convergence of BP neural net-
work, this indicator of the neural network optimized by 
genetic algorithm is obviously enhanced. The feasibility 
of using genetic algorithm to optimize BP neural network 
in fault diagnosis is proved.Fig. 7. Training target curve
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Abstract. The guillotine plate shearing machine is a widely used plate processing equipment 
with shear blades installed in the upper and lower tool holder. The rigidity of the tool holder 
directly affects the rigidity of the blade, which affects the precision of the plate shearing. 
The NC guillotine plate shearing machine has been taken as the research object. The method 
of strain electrical measurement was used to test the machine tool holder. The results of the 
finite element simulation and experimental testing appeared to coincide, which proved the 
efficiency of the finite element method in solving this type of problems.
Keywords: shearing machine; tool holder; finite element; test.
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PROBLEM STATEMENT 
Shearing machines are being increasingly widely used in auto-industry, engineering 

machinery, shipbuilding, aviation and aerospace. With the users’ growing demand for high-quality 
products, shearing machines are urgently needed, since they offer better performance. They are 

Wang Yijun

Problem statement. Shearing machines 
are being increasingly widely used in auto-
industry, engineering machinery, shipbuild-
ing, aviation and aerospace. With the users’ 
growing demand for high-quality products, 
shearing machines are urgently needed, since 
they offer better performance. They are usu-
ally categorized by the shape of shear blades, 
their relative position, and the type of the 
rolled piece. Accordingly, the machines may 
have parallel blade shears (also named paral-
lel cutting edge shears), oblique edge shears, 
slitting shears, or flying shears in their com-
position. This paper studies oblique edge 
shears, i.e. those with the upper and lower 
shear blades arranged at a certain angle [1]. 
The rigidity of the blade carrier has a direct 

impact on the rigidity of the blade, thereby 
influencing the accuracy of plate shearing. 
Thus, it is rather necessary to study the rigid-
ity of blade carrier [2].

BASIC MATERIAL

 1. Blade carrier rigidity test

  1.1. Test principle and content
In the test system, sensors are adopted as 

the primary instrument, and data collectors 
connected to a computer are used as the sec-
ondary instrument. The system is of superior 
performance, high reliability, excellent shock 
and vibration resistance, and high measure-
ment precision. It is capable of recording, 
processing, and storing experimental data 
automatically.
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By analyzing the data, it can be established that the 
measuring points on the upper blade deform towards the 
minus X direction, i.e. the upper blade recedes towards 
the rear of the machine. The deformation of the measur-
ing points in the middle of the blade is larger than that of 
the ends, with the biggest displacement found at the 10th 
point, valued -0.46 mm.

Similar experiment results for the lower blade are 
given in Table 2.

It can be inferred from the data that the measuring 
points on the lower blade deform towards the positive X 
direction, i.e. the lower blade recedes towards the front 
of the machine.

 2. Finite Element Analysis of the Blade Carrier
Taking into account the test results for the shearing 

machine, numerical simulation of the shearing process 
is necessarily conducted to determine the feasibility of 
application of the finite element theory in this field and 
to provide basis for further research on guillotine plate 
shearing machines.

Instruments and devices applied during the on-site 
test include:

– 8 displacement sensors with dial indicators, having 
a measurement range of 0-10 mm,

– 8 magnet stands;
– 2 bridge boxes with 8 channels in total;
– strain amplifier KD6005;
– data acquisition system AZ308;
– vibration and dynamic signal collecting and ana-

lyzing system CRAS V7.0.
Signals detected by the displacement sensors are 

transformed into voltage signals through a related cir-
cuit. The displacement sensors need to be calibrated to 
convert the voltage signals to the displacement of the 
measuring point, that is, every 1 mV of the voltage sig-
nal corresponds to the displacement of the sensor. The 
deformation data can be calculated with the help of the 
measured value and associated formulas [3].

In this paper, the deformation data of measuring 
points on the upper and lower blades of the shearing ma-
chine are tested when shearing a Q235 plate that is 4000 
long and 6 mm thick.

  1.2. Test method
When shearing, the upper blade carrier moves up 

and down reciprocally, while the lower blade carrier 
stays still. Accordingly, the meter of the displacement 
sensor is fixed onto a smooth steel plate connected to 
the bolts on the upper blade carrier (Fig. 2), where 19 
measuring points are equally distributed to measure the 
relative displacement. When measuring the displacement 
of the lower blade carrier, the meter is fixed directly onto 
the measuring point, and the magnet stand adheres to the 
base bedded in the ground. As the lower blade carrier 
is stationary, the acquired data indicate the absolute dis-
placement to the ground. The meter should be located on 
the latter half stroke of the lower blade in order to accom-
modate the influence of the upper blade during shearing. 
The maximum shearing length of the upper blade shall 
be limited within 2 m. The machine should be shut im-
mediately after shearing for the upper blade to not hit 
the displacement indicator and further damage the me-
ter. There are 7 measuring points chosen on the lower  
blade.

  1.3. Results analysis
For convenient data processing, a coordinate system 

of the shearing machine is established as shown in Fig. 3, 
which is applicable to this test.

On each measuring point, the value of voltage signal 
is taken three times to obtain an average value. Through 
calculation, the displacement of each measuring point in 
the shearing process was obtained, shown in the table 1: Fig. 3. Coordinate system of the shearing machine

Fig. 2. Meters installed on the upper blade
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Displacement(mm) -0.19 -0.22 -0.23 -0.26 -0.29 -0.30 -0.33 
Measuring point 8 9 10 11 12 13 14 
Displacement(mm) -0.38 -0.39 -0.46 -0.44 -0.43 -0.38 -0.36 

Measuring point 15 16 17 18 19   

Displacement(mm) -0.33 -0.32 -0.26 -0.24 -0.23   
 
By analyzing the data, it can be established that the measuring points on the upper blade 
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thickness and the length of the plate. Through calcula-
tion, the average blank-holder force of each cylinder is 
established to make up 7.2 kN [9; 10].

The position of shearing force changes through-
out the shearing process. In response to these changes, 
loads shall be imposed on each measuring point corre-
spondingly (that is, loads and locations of the measur-
ing points shall be mutually corresponding). There are 
19 stress surfaces simulated in this paper, and each mea-
suring point is related to 1 shearing condition, meaning 
there are 19 shearing conditions in total. Under each of 
them, the finite element calculation is conducted, with 
positions of other loads remaining constant. Thereby, 
the displacements of measuring points on the upper 
blade and the lower blade along the X direction are  
determined.

  2.3. Calculation results
Finite element calculation results of the measuring 

points on the upper Blade. As shown in Fig. 5, in the 
shearing process, under the 10th shearing condition, the 
maximum displacement of the upper blade is –0.47 mm. 
It is also found that the maximum displacement of the 
upper blade changes along with the position of the 
shearing force. Thus, under each working condition, the 

  2.1. Finite element modeling
A model of the shearing machine is created in Solid-

works and imported to ANSYS Workbench to generate 
a corresponding CAE model. In order to rationalize the 
grid amount and model generation for easy calculation, 
the model is adjusted according to the structure and 
working characteristics of shearing machine in the fol-
lowing way [4; 5].

1. The location and type of the welding seam be-
tween weldments are omitted.

2. Components that do not affect the rigidity and 
strength of the shearing machine are excluded, (such as 
pin holes and wiring holes).

3. Throat of the machine frame adopts arc transi-
tion.

4. The components that have little effect on the rigid-
ity of the machine frame are also excluded (for instance, 
the rear stop device, stripping device, gap adjustment de-
vice and protective cover).

5. Other minor features are removed.
Fig. 4 illustrates the simplified finite element model, 

containing 272532 nodes and 123326 units.

  2.2. Constraints and loading
The machine frame is secured to the ground with 

four anchor bolts; thus, they are fully constrained. 
The shearing machine in this paper employs hydraulic 
oblique blades. The Nozari formula is usually applied for 
calculating the shearing force of the oblique edge shears 
in which the blade carrier moves in a straight line [6-8]. 
The calculated vertical total shearing force is 170.85 kN. 
Based on the empirical formula F = 0.3P, the calculated 
horizontal total thrust force is 51.3 kN.

The upper blade carrier is connected to the frame 
through a hydro-cylinder and moves up and down along 
guide-way plates on the sides. As it is restrained by the 
cylinder and the guide, the degree of freedom of the up-
per blade carrier is limited to the Y direction only.

According to an empirical formula, the blank-holder 
force is associated with the shearing machine type, the 

Fig. 4. Finite element model

deform towards the minus X direction, i.e. the upper blade recedes towards the rear of the machine. 
The deformation of the measuring points in the middle of the blade is larger than that of the ends, 
with the biggest displacement found at the 10th point, valued -0.46 mm. 

Similar experiment results for the lower blade are given in Table 2. 
Table 2. Displacement of each measuring point on the lower blade 

Measuring point 1 2 3 4 5 6 7 
Displacement (mm) 0.060 0.099 0.123 0.135 0.169 0.195 0.212 

 
It can be inferred from the data that the measuring points on the lower blade deform towards 

the positive X direction, i.e. the lower blade recedes towards the front of the machine. 
 

2. Finite Element Analysis of the Blade Carrier 
Taking into account the test results for the shearing machine, numerical simulation of the 

shearing process is necessarily conducted to determine the feasibility of application of the finite 
element theory in this field and to provide basis for further research on guillotine plate shearing 
machines. 

 
2.1. Finite element modeling 
A model of the shearing machine is created in Solid-works and imported to ANSYS 

Workbench to generate a corresponding CAE model. In order to rationalize the grid amount and 
model generation for easy calculation, the model is adjusted according to the structure and working 
characteristics of shearing machine in the following way [4; 5]. 

1. The location and type of the welding seam between weldments are omitted. 
2. Components that do not affect the rigidity and strength of the shearing machine are excluded, 

(such as pin holes and wiring holes). 
3. Throat of the machine frame adopts arc transition. 
4. The components that have little effect on the rigidity of the machine frame are also excluded 

(for instance, the rear stop device, stripping device, gap adjustment device and protective cover). 
5. Other minor features are removed. 
Fig. 4 illustrates the simplified finite element model, containing 272532 nodes and 123326 

units. 

 
Fig. 4. Finite element model 

 
2.2. Constraints and loading 

Table 2. Displacement of each measuring point on the lower blade

Measuring point 1 2 3 4 5 6 7
Displacement (mm) 0.060 0.099 0.123 0.135 0.169 0.195 0.212

Table 1. Displacement of each measuring point on the upper blade

Measuring point 1 2 3 4 5 6 7
Displacement(mm) –0.19 –0.22 –0.23 –0.26 –0.29 –0.30 –0.33

Measuring point 8 9 10 11 12 13 14
Displacement(mm) –0.38 –0.39 –0.46 –0.44 –0.43 –0.38 –0.36

Measuring point 15 16 17 18 19
Displacement(mm) –0.33 –0.32 –0.26 –0.24 –0.23
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maximum displacement occurs within the area where the 
shearing force is applied.

Finite element calculation results of the measuring 
points on the lower blade. As shown in Fig. 6, in the 
shearing process, on the 7th measuring point, the maxi-
mum displacement of the lower blade is 0.221 mm. Dif-
ferent from that of the upper blade, the maximum dis-
placement of the lower blade barely changes with the 
position of the shearing force. It appears on both sides 
of the central part.

  3. Data comparison
Table 5 compares the results of finite element simu-

lation of the horizontal displacement of the upper blade 
with the experimental data. 

As shown in Fig. 7, a measuring point-displacement 
curve is fitted based on the data provided in Table 5. It is 
clear that the results of the on-site test and the simulation 
are virtually identical.

Similarly, Table 6 compares the results of finite el-
ement simulation of the horizontal displacement of the 
lower blade with the experimental data. 

As shown in Fig 8, a measuring point-displace-
ment curve is fitted based on the data provided in 
Table 6. It is proved that the experimental and simu-
lated data are virtually identical, with the deformation 
increasing from the ends towards the middle of the  
machine.

Table 5. Comparison of the test results and the calculated results

Measuring point 1 2 3 4 5 6 7
Test result –0.19 –0.22 –0.23 –0.26 –0.29 –0.30 –0.33
Calculation result –0.20 –0.23 –0.25 –0.28 –0.30 –0.32 –0.34
Measuring point 8 9 10 11 12 13 14
Test result –0.38 –0.39 –0.46 –0.44 –0.43 –0.38 –0.36
Calculation result –0.38 –0.40 –0.47 –0.46 –0.44 –0.41 –0.40
Measuring point 15 16 17 18 19
Test result –0.33 –0.32 –0.26 –0.24 –0.23
Calculation result –0.37 –0.36 –0.28 –0.25 –0.23

Table 6. Comparison of the test results and the calculated results

Measuring point 1 2 3 4 5 6 7
Test result 0.060 0.099 0.123 0.135 0.169 0.195 0.212
Calculation result 0.073 0.112 0.132 0.150 0.181 0.196 0.221

Table 4. Finite element calculation results of the lower blade

Measuring point 1 2 3 4 5 6 7
Displacement (mm) 0.073 0.112 0.132 0.150 0.181 0.196 0.221

Table 3. Finite element calculation results of the upper blade

Measuring point 1 2 3 4 5 6 7
Displacement (mm) –0.20 –0.23 –0.25 –0.28 –0.30 –0.32 –0.34
Measuring point 8 9 10 11 12 13 14
Displacement (mm) –0.38 –0.40 –0.47 –0.46 –0.44 –0.41 –0.40
Measuring point 15 16 17 18 19
Displacement (mm) –0.37 –0.36 –0.28 –0.25 –0.23

Fig. 6. Deformation of the lower blade (under the 7th working 
condition)

Fig. 5. Deformation of the upper blade (under the 10th working 
condition)

Displacement (mm) -0.20 -0.23 -0.25 -0.28 -0.30 -0.32 -0.34 
Measuring point 8 9 10 11 12 13 14 
Displacement (mm) -0.38 -0.40 -0.47 -0.46 -0.44 -0.41 -0.40 
Measuring point 15 16 17 18 19   
Displacement (mm) -0.37 -0.36 -0.28 -0.25 -0.23   

 
Finite element calculation results of the measuring points on the lower blade. As shown in 

Fig. 6, in the shearing process, on the 7th measuring point, the maximum displacement of the lower 
blade is 0.221 mm. Different from that of the upper blade, the maximum displacement of the lower 
blade barely changes with the position of the shearing force. It appears on both sides of the central 
part. 

 

Fig. 6. Deformation of the lower blade (under the 7th working condition) 
 

Table 4. Finite element calculation results of the lower blade 
Measuring point 1 2 3 4 5 6 7 
Displacement (mm) 0.073 0.112 0.132 0.150 0.181 0.196 0.221 

 

3. Data comparison 
Table 5 compares the results of finite element simulation of the horizontal displacement of the 

upper blade with the experimental data.  
Table 5. Comparison of the test results and the calculated results 

Measuring point 1 2 3 4 5 6 7 
Test result -0.19 -0.22 -0.23 -0.26 -0.29 -0.30 -0.33 
Calculation result -0.20 -0.23 -0.25 -0.28 -0.30 -0.32 -0.34 
Measuring point 8 9 10 11 12 13 14 
Test result -0.38 -0.39 -0.46 -0.44 -0.43 -0.38 -0.36 
Calculation result -0.38 -0.40 -0.47 -0.46 -0.44 -0.41 -0.40 

The machine frame is secured to the ground with four anchor bolts; thus, they are fully 
constrained. The shearing machine in this paper employs hydraulic oblique blades. The Nozari 
formula is usually applied for calculating the shearing force of the oblique edge shears in which the 
blade carrier moves in a straight line [6-8]. The calculated vertical total shearing force is 170.85 kN. 
Based on the empirical formula F = 0.3P, the calculated horizontal total thrust force is 51.3 kN. 

The upper blade carrier is connected to the frame through a hydro-cylinder and moves up and 
down along guide-way plates on the sides. As it is restrained by the cylinder and the guide, the 
degree of freedom of the upper blade carrier is limited to the Y direction only. 

According to an empirical formula, the blank-holder force is associated with the shearing 
machine type, the thickness and the length of the plate. Through calculation, the average 
blank-holder force of each cylinder is established to make up 7.2 kN [9; 10]. 

The position of shearing force changes throughout the shearing process. In response to these 
changes, loads shall be imposed on each measuring point correspondingly (that is, loads and 
locations of the measuring points shall be mutually corresponding). There are 19 stress surfaces 
simulated in this paper, and each measuring point is related to 1 shearing condition, meaning there 
are 19 shearing conditions in total. Under each of them, the finite element calculation is conducted, 
with positions of other loads remaining constant. Thereby, the displacements of measuring points on 
the upper blade and the lower blade along the X direction are determined. 
 
2.3. Calculation results 

Finite element calculation results of the measuring points on the upper Blade. As shown in 
Fig. 5, in the shearing process, under the 10th shearing condition, the maximum displacement of the 
upper blade is -0.47 mm. It is also found that the maximum displacement of the upper blade 
changes along with the position of the shearing force. Thus, under each working condition, the 
maximum displacement occurs within the area where the shearing force is applied. 

 
Fig. 5. Deformation of the upper blade (under the 10th working condition) 

 
Table 3. Finite element calculation results of the upper blade 

Measuring point 1 2 3 4 5 6 7 
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CONCLUSIONS. Combing an experimental test with the finite element method, this paper analyzes the rigidity 
of the upper and lower blade carriers, concerning the shearing quality of the guillotine plate shearing machine, and 
compares the theoretical and experimental results. It is established that the blade deformation trend complies with that 
of the test data. The feasibility of finite element theory in this field is thus substantiated, thereby laying a foundation 
for further research on guillotine plate shearing machines.

Fig. 8. Displacement comparison of the lower bladeFig. 7. Displacement comparison of the upper blade
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Abstract. In order to solve the problem of low efficiency and low accuracy in the traditional 
adhesive parts particle counting method, it is proposed to implement an improved watershed 
segmentation algorithm by means of the HALCON image processing technology based on 
the Euclidean distance transform and the Gaussian filter. First of all, the parts particle image 
is obtained with the help of an industrial camera. Then the image undergoes pre-processing. 
Afterwards, the image is subject to mathematical morphology processing. The last step is ap-
plication of the improved watershed segmentation algorithm. The experimental results show 
that the algorithm can segment the adhesive parts particles effectively, providing a guarantee 
for an accurate count of the parts particles.
Keywords: adhesion; HALCON; distance transformation; Gaussian filter; watershed seg-
mentation.
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segmentation algorithm by means of the HALCON image processing technology based on the 
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Huang mingxin

Problem statement. With the develop-
ment of computer science, the technology 
of digital image processing has been wide-
ly used in many fields [1]. In real life, the 
number of industrial parts is mostly counted 
manually or by weighing and counting. It is 
obvious that the traditional counting method 
has the disadvantages of low efficiency and 
low accuracy. Meanwhile, image processing 
can also be used to segment and count the 

adhesive objects. At present, the most com-
monly used image segmentation methods are 
concave point matching and watershed seg-
mentation based on distance transformation. 
The former uses the concave point in the 
image to describe the concave condition of 
the boundary. The method easily recognizes 
the noise in the image as a concave point, so 
it is often used in the case of simple adhe-
sion. Watershed algorithm features the phe-
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distance function satisfying the measurement condition. 
The p and q represent two pixels with their coordinates 
being (xp, yp) and (xq, yq), respectively; p ∈ P, q ∈ A.

Considering the difficulty of calculation and the re-
quirement of integer distance, 4-nearest neighbor dis-
tance d4 (urban area distance) and 8-nearest neighbor dis-
tance d8 (chessboard distance) are often used in distance 
transformation. Fig. 2, a and b demonstrate the values of 
the distances d4 and d8 at the center point, respectively. 
The distance transform is applied to the adhesive target 
object; it can effectively separate the connection between 
the adhesive parts [3]. 

  1.2. Gaussian filtering
Gaussian filtering is a linear smoothing filtering 

method. It is widely used to eliminate the Gaussian noise 
in images or smooth them. The Gaussian filter employs 
the Gaussian function as the transition weight function to 
form a low-pass filter in the frequency domain. In brief, 
the Gaussian filter is the weighted average process of the 
image. The two-dimensional Gaussian function is ex-
pressed as follows:

where p is the set of points in the calculated region; A is the set of points outside the calculated 
region; D() is the distance function satisfying the measurement condition. The p and q represent two 
pixels with their coordinates being （xp, yp） and （xq, yq）, respectively; p P, q A.

Considering the difficulty of calculation and the requirement of integer distance, 4-nearest 
neighbor distance d4 (urban area distance) and 8-nearest neighbor distance d8 (chessboard distance) 
are often used in distance transformation. Fig. 2 a and b demonstrate the values of the distances d4

and d8 at the center point, respectively. The distance transform is applied to the adhesive target 
object; it can effectively separate the connection between the adhesive parts [3].

             
a b

Fig. 2. Distance map from the center pixel: 
a – d4 distance; b – d8 distance 

1.2. Gaussian filtering 
Gaussian filtering is a linear smoothing filtering method. It is widely used to eliminate the 

Gaussian noise in images or smooth them. The Gaussian filter employs the Gaussian function as the 
transition weight function to form a low-pass filter in the frequency domain. In brief, the Gaussian 
filter is the weighted average process of the image. The two-dimensional Gaussian function is 
expressed as follows: 
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The Gaussian distribution of the two-dimensional Gaussian function is a bell-shaped curve; the 
closer to the center, the greater the value. When calculating averages, it is obviously not reasonable 
to use simple averages. In this case, the origin is chosen as the center point, the other points are 
assigned weights according to their position on the normal curve, and finally the weighted average 
is obtained. The specific operations of Gaussian filtering are the following. First, the pixels in the 
image are scanned with a convolution. Then, the values of the central pixel of the template are 
replaced by the weighted average gray values determined by convolution. In image processing, 
there are mainly two ways to implement Gaussian filtering: one is through the Fourier 
transformation, and the other is convolution with discrete sliding windows [4]. 

2. Experimental analysis 
2.1. Composition of the counting system 

The experimental equipment of the counting system mainly consists of a bracket, an industrial 
camera, a focus lens, a light source, a transparent plastic board, parts particles, and a computer. The 
structure of the experimental device is shown in Fig. 3. The parts particles stuck together are placed 
on the transparent plastic board, and the light source is placed under the board, so that each part can 
be evenly illuminated. The industrial camera is placed directly above the parts particles. The parts 

,

The Gaussian distribution of the two-dimensional 
Gaussian function is a bell-shaped curve; the closer to 
the center, the greater the value. When calculating aver-
ages, it is obviously not reasonable to use simple aver-
ages. In this case, the origin is chosen as the center point, 
the other points are assigned weights according to their 
position on the normal curve, and finally the weighted 

nomenon of over-segmentation when segmenting the 
images of particles with more serious adhesion [2]. In 
order to count the number of adhesive parts accurately, 
an improved watershed segmentation algorithm based on 
Euclidean distance transform and Gaussian filter is pro-
posed in this paper.

BASIC MATERIAL

 1. Improved watershed segmentation algorithm
Based on the general watershed algorithm, an im-

proved watershed segmentation algorithm is proposed 
featuring Euclidean distance transform and Gaussian 
filter. The improved watershed segmentation process is 
shown in Fig. 1.

  1.1. Distance transformation
For pixels that make up connected components, the 

process of calculating the minimum distance from the 
background to each pixel is called distance transforma-
tion. The result of the operation performed by distance 
transformation is the distance between each point in 
the calculated region and the point outside the near-
est region. Distance transformation provides a distance 
estimation matrix for image pixel points. According to 
this matrix, binarized images can be transformed into 
gray images. Distance transformation can be defined  
as follows:

[10] Jin Bei. The design of machine vision teaching experiment system based on HALCON [D]. 
Beijing, Beijing Jiaotong University, 2012. 

[11] Sun Huaiyuan, Liao Yuehua, Zhou Fu-zhi, et al. Study on the batch detection technology of 
pharmaceutical bottles based on HALCON [D]. Shanghai, University of Shanghai for Science 
and Technology, 2008. 

[12] Bianconi F., Ceccarelli L., Fernández A., et al. A sequential machine vision procedure for 
assessing paper impurities [J]. Computers in Industry, 2013, 65 (2):325-332. 

PROBLEM STATEMENT 
With the development of computer science, the technology of digital image processing has 

been widely used in many fields [1]. In real life, the number of industrial parts is mostly counted 
manually or by weighing and counting. It is obvious that the traditional counting method has the 
disadvantages of low efficiency and low accuracy. Meanwhile, image processing can also be used to 
segment and count the adhesive objects. At present, the most commonly used image segmentation 
methods are concave point matching and watershed segmentation based on distance transformation. 
The former uses the concave point in the image to describe the concave condition of the boundary. 
The method easily recognizes the noise in the image as a concave point, so it is often used in the 
case of simple adhesion. Watershed algorithm features the phenomenon of over-segmentation when 
segmenting the images of particles with more serious adhesion [2]. In order to count the number of 
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1.1. Distance transformation 
For pixels that make up connected components, the process of calculating the minimum 

distance from the background to each pixel is called distance transformation. The result of the 
operation performed by distance transformation is the distance between each point in the calculated 
region and the point outside the nearest region. Distance transformation provides a distance 
estimation matrix for image pixel points. According to this matrix, binarized images can be 
transformed into gray images. Distance transformation can be defined as follows: 
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where p is the set of points in the calculated region; A is the set of points outside the calculated 
region; D() is the distance function satisfying the measurement condition. The p and q represent two 
pixels with their coordinates being （xp, yp） and （xq, yq）, respectively; p P, q A.

Considering the difficulty of calculation and the requirement of integer distance, 4-nearest 
neighbor distance d4 (urban area distance) and 8-nearest neighbor distance d8 (chessboard distance) 
are often used in distance transformation. Fig. 2 a and b demonstrate the values of the distances d4

and d8 at the center point, respectively. The distance transform is applied to the adhesive target 
object; it can effectively separate the connection between the adhesive parts [3].
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1.2. Gaussian filtering 
Gaussian filtering is a linear smoothing filtering method. It is widely used to eliminate the 

Gaussian noise in images or smooth them. The Gaussian filter employs the Gaussian function as the 
transition weight function to form a low-pass filter in the frequency domain. In brief, the Gaussian 
filter is the weighted average process of the image. The two-dimensional Gaussian function is 
expressed as follows: 
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The Gaussian distribution of the two-dimensional Gaussian function is a bell-shaped curve; the 
closer to the center, the greater the value. When calculating averages, it is obviously not reasonable 
to use simple averages. In this case, the origin is chosen as the center point, the other points are 
assigned weights according to their position on the normal curve, and finally the weighted average 
is obtained. The specific operations of Gaussian filtering are the following. First, the pixels in the 
image are scanned with a convolution. Then, the values of the central pixel of the template are 
replaced by the weighted average gray values determined by convolution. In image processing, 
there are mainly two ways to implement Gaussian filtering: one is through the Fourier 
transformation, and the other is convolution with discrete sliding windows [4]. 

2. Experimental analysis 
2.1. Composition of the counting system 

The experimental equipment of the counting system mainly consists of a bracket, an industrial 
camera, a focus lens, a light source, a transparent plastic board, parts particles, and a computer. The 
structure of the experimental device is shown in Fig. 3. The parts particles stuck together are placed 
on the transparent plastic board, and the light source is placed under the board, so that each part can 
be evenly illuminated. The industrial camera is placed directly above the parts particles. The parts 
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light source, and the transparent plastic board 5 mm thick 
(MITSUBISHI acrylic board).

  2.2. Acquisition of the parts image
By connecting the industrial camera to the computer, 

one can access the video directly and capture a continu-
ous image of the parts.

In addition, one can first save the image captured 
by the industrial camera, and then read the pictures that 
need to be processed directly through the “read_image” 
statement of the following format: read_image (Image, 
“D:/Parts.jpg”). The original captured image is shown 
in Fig. 4.

  2.3. Image preprocessing
Preprocessing is mainly intended for image binariza-

tion. The image captured by an industrial camera is col-
ored and contains more information. Thus, it needs to 
be desaturated to be split conveniently. Afterwards, the 
image is binarized. The methods for selecting the proper 
binarization threshold are average method, Otsu method 
and iterative method. Selection of an appropriate thresh-
old will have a great impact on image binarization. Dif-
ferent methods have their advantages and disadvantages, 
and the method of judging the threshold according to the 
gray histogram distribution is the optimal one [5]. The 
gray histogram of the experimental image is shown in 
Fig. 5, a. The gray image is divided into white target pix-

average is obtained. The specific operations of Gaussian 
filtering are the following. First, the pixels in the image 
are scanned with a convolution. Then, the values of the 
central pixel of the template are replaced by the weighted 
average gray values determined by convolution. In im-
age processing, there are mainly two ways to implement 
Gaussian filtering: one is through the Fourier transforma-
tion, and the other is convolution with discrete sliding 
windows [4].

 2. Experimental analysis

  2.1. Composition of the counting system
The experimental equipment of the counting system 

mainly consists of a bracket, an industrial camera, a focus 
lens, a light source, a transparent plastic board, parts par-
ticles, and a computer. The structure of the experimental 
device is shown in Fig. 3. The parts particles stuck to-
gether are placed on the transparent plastic board, and 
the light source is placed under the board, so that each 
part can be evenly illuminated. The industrial camera is 
placed directly above the parts particles. The parts par-
ticles image can be real-time transmitted to the computer, 
where image processing software is installed on the op-
erating system Windows 7. In the system, we consider 
the industrial camera MER-310-12UC manufactured by 
the Daheng Image Technology, the COMPUTAR mega 
pixel industrial lens M0814-MP2, the 5730 LED SMD 
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2.4. Mathematical morphology processing 
Mathematical morphology is a new method of image processing based on geometry. It mainly 

takes the morphological features of the image as the object of study. Its basic operations are 
corrosion, expansion, closing, and opening [6]. In HALCON [7-8], “opening_circle” and 
“closing_circle” operators are commonly used to operate and close binary images. In this 
experiment, the “closing_circle” operator is used to perform closed operation on the binarized 
image, and then the operator “fill_up_shape” is launched. The function of the command is to fill the 
hole in the parts. Finally, “select_shape_std”, “smallest_rectangle1”, “rectangle1_domain”, and 
“intersection” operators are used to intercept the image of the part particles. The mathematical 
morphology procedure is illustrated in Fig. 6. 
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filter. The original images undergo the mathematical morphology processing to eliminate the 
influence of impurities and abrupt points in the image on watershed segmentation. Then, the 
Euclidean distance transformation is applied to convert the features of the particles in the adhesive 
parts into uniform gray information. If watershed segmentation is performed directly afterwards, the 
image segmentation might only be partial for heavily adherent particles. Therefore, it is 
recommended to apply Gaussian filtering to eliminate the Gaussian noise and smooth the image, so 
as to accurately segment the image of the adhesive parts. 
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camera is colored and contains more information. Thus, it needs to be desaturated to be split 
conveniently. Afterwards, the image is binarized. The methods for selecting the proper binarization 
threshold are average method, Otsu method and iterative method. Selection of an appropriate 
threshold will have a great impact on image binarization. Different methods have their advantages 
and disadvantages, and the method of judging the threshold according to the gray histogram 
distribution is the optimal one [5]. The gray histogram of the experimental image is shown in Fig. 5 
a. The gray image is divided into white target pixels and black background pixels by choosing gray 
value 38 as the best threshold. The result of the image binarization is shown in Fig. 5 b.
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the influence of impurities and abrupt points in the im-
age on watershed segmentation. Then, the Euclidean 
distance transformation is applied to convert the features 
of the particles in the adhesive parts into uniform gray 
information. If watershed segmentation is performed di-
rectly afterwards, the image segmentation might only be 
partial for heavily adherent particles. Therefore, it is rec-
ommended to apply Gaussian filtering to eliminate the 
Gaussian noise and smooth the image, so as to accurately 
segment the image of the adhesive parts.

   2.5.1. Distance transform
In HALCON, the statement used for distance trans-

form features (RegionIntersection, DistanceImage, 
“octagonal”, “true”, Width, Height). Among them, “oc-
tagonal” stands for the Euclidean distance function. The 
image after distance transform is shown in Fig. 7.

The image type after distance transform is int4, 
while watershed segmentation requires the type of im-
age to be byte, so the “convert_image_type” statement 
is used accrodingly. Next, the “invert_image” algorithm 
is applied to invert the image. Finally, the contrast of the 
image is increased by using the “scale_image_max” al-
gorithm. The image after contrast enhancement is shown 
in Fig. 8 [9].

   2.5.2. Gaussian filtering
As it has already been mentioned, the discrete Gauss-

ian function is used to smooth the image after distance 

els and black background pixels by choosing gray value 
38 as the best threshold. The result of the image binariza-
tion is shown in Fig. 5, b.

  2.4. Mathematical morphology processing
Mathematical morphology is a new method of image 

processing based on geometry. It mainly takes the mor-
phological features of the image as the object of study. Its 
basic operations are corrosion, expansion, closing, and 
opening [6]. In HALCON [7-8], “opening_circle” and 
“closing_circle” operators are commonly used to operate 
and close binary images. In this experiment, the “clos-
ing_circle” operator is used to perform closed operation 
on the binarized image, and then the operator “fill_up_
shape” is launched. The function of the command is to 
fill the hole in the parts. Finally, “select_shape_std”, 
“smallest_rectangle1”, “rectangle1_domain”, and “inter-
section” operators are used to intercept the image of the 
part particles. The mathematical morphology procedure 
is illustrated in Fig. 6.

  2.5. Improved watershed segmentation
The general watershed segmentation algorithm re-

sults in serious over-segmentation of larger particles, 
which affects the accuracy of the particle count. There-
fore, this paper proposes a watershed segmentation al-
gorithm, which combines the Euclidean distance trans-
form and Gaussian filter. The original images undergo 
the mathematical morphology processing to eliminate 

Fig. 8. Image of enhance contrastFig. 7. Distance-transformed image
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  2.6. Parts particle count
After undergoing the improved watershed segmenta-

tion, the image can be divided into different parts, and 
finally “count_obj” is used to count them. The counting 
result is shown in Fig. 11. The number of the parts par-
ticles in the experiment is 15.

 3. Experimental analysis 
Fig. 12 demonstrates the results of the watershed 

segmentation algorithm based on general distance trans-
formation, with the number of parts being equal to 20. 
We can see that this algorithm will feature over-segmen-
tation when the particle adhesion is serious. Subsequent-
ly, the algorithm in this paper is used to test more images 
of adhesive parts particles, and the results show that the 
algorithm can accurately identify their number [11].

transformation, so as to reduce the over-segmentation 
resulted from the watershed algorithm. In HALCON, the 
statement format is as follows: “gauss_image” (ImageS-
caleMax, ImageGauss, 11). The image after the Gaussian 
filter is shown in Fig. 9.

   2.5.3 Watershed segmentation
Finally, watershed segmentation is performed on 

the filtered Gaussian images. In HALCON, the “wa-
tersheds_threshold” operator is used for this purpose. 
If the object does not split, the issue can be solved by 
gradually decreasing the threshold. The statement for-
mat is “watersheds_threshold” (ImageGauss, Basins, 
10). The image after watershed segmentation is shown in  
Fig. 10 [10].

CONCLUSIONS. In summary, the improved watershed segmentation algorithm can expediently achieve the 
segmentation and counting of adhesion parts particles. The study on the method of particle counting for adhesive parts 
with the use of HALCON has a high application value and lays a foundation for further research on the defect detec-
tion of parts [12].
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can be solved by gradually decreasing the threshold. The statement format is 
“watersheds_threshold” (ImageGauss, Basins, 10). The image after watershed segmentation is 
shown in Fig. 10 [10]. 
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2.6. Parts particle count 
After undergoing the improved watershed segmentation, the image can be divided into 

different parts, and finally “count_obj” is used to count them. The counting result is shown in Fig. 
11. The number of the parts particles in the experiment is 15. 

Fig. 11. Counting result 

3. Experimental analysis  
Fig. 12 demonstrates the results of the watershed segmentation algorithm based on general 

distance transformation, with the number of parts being equal to 20. We can see that this algorithm 
will feature over-segmentation when the particle adhesion is serious. Subsequently, the algorithm in 
this paper is used to test more images of adhesive parts particles, and the results show that the 
algorithm can accurately identify their number [11]. 
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the “watersheds_threshold” operator is used for this purpose. If the object does not split, the issue 
can be solved by gradually decreasing the threshold. The statement format is 
“watersheds_threshold” (ImageGauss, Basins, 10). The image after watershed segmentation is 
shown in Fig. 10 [10]. 
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2.6. Parts particle count 
After undergoing the improved watershed segmentation, the image can be divided into 

different parts, and finally “count_obj” is used to count them. The counting result is shown in Fig. 
11. The number of the parts particles in the experiment is 15. 

Fig. 11. Counting result 

3. Experimental analysis  
Fig. 12 demonstrates the results of the watershed segmentation algorithm based on general 

distance transformation, with the number of parts being equal to 20. We can see that this algorithm 
will feature over-segmentation when the particle adhesion is serious. Subsequently, the algorithm in 
this paper is used to test more images of adhesive parts particles, and the results show that the 
algorithm can accurately identify their number [11]. 

2.5.1. Distance transform 
In HALCON, the statement used for distance transform features (RegionIntersection,

DistanceImage, “octagonal”, “true”, Width, Height). Among them, “octagonal” stands for the 
Euclidean distance function. The image after distance transform is shown in Fig. 7. 

Fig. 7. Distance-transformed image 

The image type after distance transform is int4, while watershed segmentation requires the 
type of image to be byte, so the “convert_image_type” statement is used accrodingly. Next, the 
“invert_image” algorithm is applied to invert the image. Finally, the contrast of the image is 
increased by using the “scale_image_max” algorithm. The image after contrast enhancement is 
shown in Fig. 8 [9]. 

Fig. 8. Image of enhance contrast 

2.5.2. Gaussian filtering 
As it has already been mentioned, the discrete Gaussian function is used to smooth the image 

after distance transformation, so as to reduce the over-segmentation resulted from the watershed 
algorithm. In HALCON, the statement format is as follows: “gauss_image” (ImageScaleMax, 
ImageGauss, 11). The image after the Gaussian filter is shown in Fig. 9. 

Fig. 9. Image after Gaussian filtering 

2.5.3 Watershed segmentation 
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Abstract. The crystallizer has a very limited operation without any surface treatment. The 
NiCr-Cr3C2 coating has been applied onto a CuCrZr plate by means of high-velocity air fuel 
spraying (HVAF) in order to improve its service life. 

This paper presents the study of the microstructure, element distribution, and phase composi-
tion of the NiCr-Cr3C2 coating with the help of an X-ray spectrometer (EDS), X-ray diffrac-
tometer (XRD), MH-5LD microhardness tester, XMTD-7000 pin friction and wear tester, 
and CHI604C electrochemical analyzer. The wear resistance of the layer was analyzed. The 
results show that the strength of the adhesive NiCr coating layer annealed at 500 °C is higher 
than that of the non-adhesive layer due to the elimination of the residual stress. Due to the 
presence of a large amount of the hard ceramic phase of Cr3C2 in the coating, the melting point 
becomes high, resulting in a higher hardness of the entire NiCr-Cr3C2 coating. The adhesive 
layer NiCr is characterized with a more stable coefficient of friction after 500 °C annealing 
due to elimination of the residual stress within the coating. Combined with a higher strength, 
it suggests better wear resistance. According to the electrochemical test, the coating annealed 
at 500 °C tends to be less aggressive and exhibits better corrosion resistance.
Keywords: adhesive layer; HVAF; wear; corrosion.
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Problem statement. Crystallizer is the 
heart of the continuous casting machine. Af-
ter the molten steel is drained rapidly into the 
system, it condenses to form a continuous 
scale and returns to the supporting part of the 
fan for cooling and condensation. The casting 
device is subject to temperature variation due 
to the cold and hot temperature difference of 
the molten steel [1-3]. The crystallizer is 
composed of a number of parts, such as the 
side guide, the foot roll, the mould frame, the 

copper plate, the narrow side width and the 
wide side clamping structure [4]. The work-
ing conditions of the crystallizer are extreme-
ly harsh, and the steel drawing speed, casting 
efficiency and surface quality are directly af-
fected by the crystallizer performance [5]. In 
addition, the mold performance has a direct 
impact on its production accuracy, reliabil-
ity, and service life of the equipment. Such 
a phenomenon inevitably brings about high-
efficiency means to the development of con-
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tester XMTD-7000, X-ray diffractometer, EDS, elec-
trochemical analyzer CHI604C, polishing machine, and 
sandpaper.

  1.2. Experimental matrix material
The chemical composition of the chromium zirco-

nium copper (CuCrZr) alloy is shown in Table 1. Its 
hardness is equal to HRB 78-83, and the conductivity is 
43 ms/m.

  1.3. Spraying material
The powders employed in the study are  

Cr3C2-25%NiCr (Sulzer Metco, 15-45 µm in diameter) 
and NiCr (Sulzer Metco, 15 – 45 µm), which are milled 
by means of a horizontal ball mill for 40 minutes.

The sprayed materials are divided into three groups: 
the Cr3C2-NiCr coating without the NiCr backing 
(group A), the Cr3C2-NiCr composite coating (group B), 
and the same coating annealed at  (group C), which was 
annealed at 500 °C as group A.

  1.4. Friction and wear test of the coating
As it has been mentioned, this experiment makes 

use of the XMTD-7000 pin plate friction and wear tes-
ter. The test has the following parameters: the speed of  
318 r/min, the loading force of 10 N, the duration of 
3600 s, the maximum friction force of 40 N, the grinding 
mark diameter of 7 mm, the temperature of 27 °C. The 
grinding medium is a hardened steel ball with the hard-
ness of 60 HRC.

 2. Experiment results and discussion

  2.1. XRD analysis of the NiCr-Cr3C2 coating
The results of XRD inspection and analysis of coat-

ings are presented in Fig. 1. The main component of the 
coating is the mixture of NiCr and Cr3C2. In the process 
of spraying, due to the high-velocity plasma flow, the 
mixture covers the spraying distance very quickly, avoid-

tinuous casting technology in order to improve the qual-
ity of the mold, and puts forward higher technological 
requirements as for wear resistance, strength high ther-
mal conductivity. These quantities have become a part of 
the standard in the measurement of the mold quality. This 
experiment is aimed at the study on the wear of mold 
copper plate in the Masteel continuous casting line.

As a new kind of hard alloy, Cr3C2 is referred to 
as “stainless steel in hard alloy”. Its hardness is similar 
to that of the WC-Co alloy and makes up 88-90 HRC. 
The alloy withstands temperatures up to 600 °С without 
much degradation. It has a good high-temperature oxida-
tion resistance, corrosion resistance and wear resistance. 
The alloy’s density is low, generally making up half of 
that of the WC-Co alloy, and the thermal expansion coef-
ficient is close to that of steel.

Because of its outstanding properties, NiCr-Cr3C2 
is used as a thermal spraying material for metal surface 
protection (except for steel elements to avoid adverse 
reactions). It suitable to be used as a coating material 
for the mold plate in order to extend the service life of 
the crystallizer under consideration [7]. Therefore, the 
study of the mold of the CuCrZr plate covered with a 
NiCr-Cr3C2 coating with the help of high-velocity air 
fuel spraying (HVAF) and respective improvement of the 
mold’s surface properties and service life are associated 
with a great theoretical significance and practical value 
in the reduction of production costs.

BASIC MATERIAL

 1. Experiment process and scheme

  1.1. Experimental equipment
The test equipment mainly includes the following 

items: supersonic flame spray gun, tensile tester, micro 
hardness tester MH-5LD, pin plate friction and wear 

Table 1. Composition of the CuCrZr alloy

Element Al Mg Cr Zr Fe Si P Total impurities
Content 0.1 – 0.25 0.1 – 0.25 0.1 – 0.8 0.3 – 0.6 0.5 0.5 0.1 0.5

Fig. 1. XRD analysis of the coatings

 
1.2. Experimental matrix material 

The chemical composition of the chromium zirconium copper (CuCrZr) alloy is shown in 
Table 1. Its hardness is equal to HRB 78-83, and the conductivity is 43 ms/m. 
Table 1. Composition of the CuCrZr alloy 

Element Al Mg Cr Zr Fe Si P Total impurities 
Content 0.1-0.25 0.1-0.25 0.1-0.8 0.3-0.6 0.5 0.5 0.1 0.5 

 
1.3. Spraying material 

The powders employed in the study are Cr3C2-25%NiCr (Sulzer Metco, 15-45 µm in diameter) 
and NiCr (Sulzer Metco, 15-45 µm), which are milled by means of a horizontal ball mill for 40 
minutes. 

The sprayed materials are divided into three groups: the Cr3C2-NiCr coating without the NiCr 
backing (group A), the Cr3C2-NiCr composite coating (group B), and the same coating annealed at  
(group C), which was annealed at 500 °C as group A. 
 
1.4. Friction and wear test of the coating 

As it has been mentioned, this experiment makes use of the XMTD-7000 pin plate friction 
and wear tester. The test has the following parameters: the speed of 318 r/min, the loading force of 
10 N, the duration of 3600 s, the maximum friction force of 40 N, the grinding mark diameter of 7 
mm, the temperature of 27 °C. The grinding medium is a hardened steel ball with the hardness of 60 
HRC. 
 
2. Experiment results and discussion 
2.1. XRD analysis of the NiCr-Cr3C2 coating 

The results of XRD inspection and analysis of coatings are presented in Fig. 1. The main 
component of the coating is the mixture of NiCr and Cr3C2. In the process of spraying, due to the 
high-velocity plasma flow, the mixture covers the spraying distance very quickly, avoiding 
oxidation. With the hard ceramic phase of Cr3C2, the coating has high hardness and wear resistance 
and thus a very good protective effect on the substrate. 

 
Fig. 1. XRD analysis of the coatings 

 
2.2. Microstructure of the coating’s cross section 

The cross-sectional morphology of the Cr3C2-NiCr coating can be seen in Fig. 3. The black 
region begins to increase at the interface; the black areas are the pores. As can be seen from Fig. 2.2 
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macrohardness can only reflect the average hardness of 
the coating area, and microhardness can more accurately 
reflect the characteristic of a particular coating area and 
fix the change in its state.

The distribution of hardness in the coating cross sec-
tion is shown in Fig. 3. It is clear that the hardness of 
the three groups of samples began to differentiate at the 
interface between the coating and the matrix. The hard-
ness of the three groups of matrix is not big; the hardness 
of the coating annealed at 500 °C is obviously lower than 
that of the coating without annealing. Addition of the 
NiCr backing has little effect on the hardness of the coat-
ing, although the hardness of the coating without NiCr is 
still slightly inferior.

  2.4. Experiment results for the coating wear re-
sistance

Fig. 4 presents a diagram of friction coefficients of 
the coatings under study. The friction coefficient is mainly 
used to characterize the degree of wear of the coating. The 
coating without the NiCr backing and the coating annealed 
at 500 °С have similar friction coefficients, initially higher 
than that of the coating with the NiCr backing. However, 
after a period of time, the former starts to decrease, while 
the latter remains stable. The reason why the friction coef-
ficient is unstable after annealing is that the precipitation 
of carbide in the coating aggravates the wear of the ball to 
the coating, and carbide is a wear-resistant phase, which 
causes the wear debris on the part of the ball to adhere to 
the surface of the coating. The adhesive debris interferes 
with the collection of pressure sensitive signals, leading to 
changes in the friction coefficient.

2.5. Experiment results for the coating corrosion re-
sistance

The polarization curve analysis is one of the classical 
methods to study the electrochemical corrosion protec-

ing oxidation. With the hard ceramic phase of Cr3C2, the 
coating has high hardness and wear resistance and thus 
a very good protective effect on the substrate.

  2.2. Microstructure of the coating’s cross section
The cross-sectional morphology of the Cr3C2-NiCr 

coating can be seen in Fig. 2. The black region begins to 
increase at the interface; the black areas are the pores. As 
can be seen from Fig. 2, a – b, the coating porosity at the 
interface is much higher without the NiCr backing, and 
sample c (with NiCr backing, annealed at 500 °C) assumes 
the intermediate level.Having compared the samples, we 
can see that the shape and distribution of pores are irregu-
lar, and sample с has the highest level of porosity.

The porosity of the coating is affected by many fac-
tors, with the size, shape, physical properties of the coat-
ing and spraying parameters among them. The size of 
pores is mainly affected by the spraying distance. The 
existence of pores has a very important influence on the 
properties of the coatings, such as hardness and wear re-
sistance. Large pores are start to cause damage as wear 
proceeds. The particles at the pores lack the support of 
the edges and are easy to fall off, thus causing further 
wear failure. If there is a substantial porosity, the hard-
ness will be collapsed when tested, so that the measured 
hardness would not match the actual result.

  2.3. Test results for the coating hardness
Hardness is one of the important parameters reflect-

ing the quality of the coating. It is the ability of a material 
to resist deformation or rupture in the local area of the 
surface. The hardness of the coating should take into ac-
count the characteristics of the sprayed coating structure 
and the spraying process, as well as high temperature of 
quenching, hardening, particles deformation, etc. A coat-
ing containing pores, oxides and structure heterogeneity 
will have different macro and micro hardness. Thus, the 

Fig. 3. Distribultion of hardness in the coating cross sectionFig. 2. Cross-section morphology of the Cr3C2-NiCr coating
a — without NiCr backing; b — with NiCr backing; c — with 
NiCr backing and annealed at 500 °C

 
Fig. 3. Distribultion of hardness in the coating cross section 

 
2.4. Experiment results for the coating wear resistance 

Fig. 4 presents a diagram of friction coefficients of the coatings under study. The friction 
coefficient is mainly used to characterize the degree of wear of the coating. The coating without the 
NiCr backing and the coating annealed at 500 °  have similar friction coefficients, initially higher 
than that of the coating with the NiCr backing. However, after a period of time, the former starts to 
decrease, while the latter remains stable. The reason why the friction coefficient is unstable after 
annealing is that the precipitation of carbide in the coating aggravates the wear of the ball to the 
coating, and carbide is a wear-resistant phase, which causes the wear debris on the part of the ball to 
adhere to the surface of the coating. The adhesive debris interferes with the collection of pressure 
sensitive signals, leading to changes in the friction coefficient. 

 
Fig. 4. Diagram of friction coefficients of coatings 

 
2.5. Experiment results for the coating corrosion resistance 

The polarization curve analysis is one of the classical methods to study the electrochemical 
corrosion protection of coatings. It is widely used in exploring the corrosion mechanism of coatings, 
determining the corrosion rate, judging the corrosion resistance of materials, and evaluating the best 
materials. Fig. 2.5 presents the coating polarization curve. It evidences that the NiCr backing offers 
a lower corrosion potential and a smaller corrosivity. Besides, the corrosion tendency after 
annealing at 500 °C is much smaller. It follows from the comparison of the current density that the 
three corrosion rates are almost identical. In general, the annealed coatings have a better corrosion 

a-b, the coating porosity at the interface is much higher without the NiCr backing, and sample c 
(with NiCr backing, annealed at 500 °C) assumes the intermediate level.Having compared the 
samples, we can see that the shape and distribution of pores are irregular, and sample  has the 
highest level of porosity. 

The porosity of the coating is affected by many factors, with the size, shape, physical 
properties of the coating and spraying parameters among them. The size of pores is mainly affected 
by the spraying distance. The existence of pores has a very important influence on the properties of 
the coatings, such as hardness and wear resistance. Large pores are start to cause damage as wear 
proceeds. The particles at the pores lack the support of the edges and are easy to fall off, thus 
causing further wear failure. If there is a substantial porosity, the hardness will be collapsed when 
tested, so that the measured hardness would not match the actual result. 

 
Fig. 2. Cross-section morphology of the Cr3C2-NiCr coating 

a – without NiCr backing; b – with NiCr backing; c –with NiCr backing and annealed at 500 °C 
 
2.3. Test results for the coating hardness 

Hardness is one of the important parameters reflecting the quality of the coating. It is the 
ability of a material to resist deformation or rupture in the local area of the surface. The hardness of 
the coating should take into account the characteristics of the sprayed coating structure and the 
spraying process, as well as high temperature of quenching, hardening, particles deformation, etc. A 
coating containing pores, oxides and structure heterogeneity will have different macro and micro 
hardness. Thus, the macrohardness can only reflect the average hardness of the coating area, and 
microhardness can more accurately reflect the characteristic of a particular coating area and fix the 
change in its state. 

The distribution of hardness in the coating cross section is shown in Fig. 3. It is clear that the 
hardness of the three groups of samples began to differentiate at the interface between the coating 
and the matrix. The hardness of the three groups of matrix is not big; the hardness of the coating 
annealed at 500 °C is obviously lower than that of the coating without annealing. Addition of the 
NiCr backing has little effect on the hardness of the coating, although the hardness of the coating 
without NiCr is still slightly inferior. 
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sivity. Besides, the corrosion tendency after annealing at 
500 °C is much smaller. It follows from the comparison 
of the current density that the three corrosion rates are 
almost identical. In general, the annealed coatings have a 
better corrosion resistance.

CONCLUSIONS. In this paper, NiCr-Cr3C2 coat-
ings were sprayed on CuCrZr plates by means of super-
sonic flame spraying – high-velocity air fuel spraying 
(HVAF). The samples under study were divided into 3 
groups: a coating without the adhesive layer, a coating 
with the NiCr backing layer, and an annealed composite 
coating. The microstructure and properties of the coat-
ings were analyzed with the help of special materials and 
instruments. The friction and wear behavior and corro-
sion resistance of the coating under different conditions 
were studied through friction and wear tests and electro-
chemical experiments, leading to the following conclu-
sions.

1. The Cr3C2 alloy and the NiCr adhesive layer are 
subject to mechanical bonding, i.e. no chemical reaction 
occurs at their interface. There is a certain level of poros-
ity in the coatings of all three groups within the coat-
ing and bond coating layer. However, it is minimized in 
composite and annealed coatings due to the elimination 
of residual stress and no adhesion.

2. Due to the existence of a large amount of the hard 
ceramic phase of Cr3C2 and its high melting point, the 
composite NiCr-Cr3C2 coating has the highest hard-
ness.

3. The friction coefficient of the coating with the ad-
hesive layer is more stable, but it is not the basis for judg-
ing the wear resistance. 

The width of the upper and lower abrasion resistance 
can also be obtained. After annealing at 500 °C, the coat-
ing has a high strength and good abrasion resistance; the 
indicators are slightly worse for the coating without the 
adhesive layer. According to the electrochemical polar-
ization curve of the coating, the corrosion tendency of 
the annealed coating is smaller; this sample manifests the 
highest resistance resistance.

tion of coatings. It is widely used in exploring the corro-
sion mechanism of coatings, determining the corrosion 
rate, judging the corrosion resistance of materials, and 
evaluating the best materials. Fig. 2.5 presents the coat-
ing polarization curve. It evidences that the NiCr backing 
offers a lower corrosion potential and a smaller corro-

Fig. 5. Coating polarization curve:
A — Cr3C2 coating without NiCr backing; B — NiCr-Cr3C2 coat-
ing; C – NiCr-Cr3C2 base coating with NiCr addition and an-
nealed at 500 degrees)

Fig. 4. Diagram of friction coefficients of coatings

resistance. 

 
Fig. 5. Coating polarization curve: 

A – Cr3C2 coating without NiCr backing; B – NiCr-Cr3C2 coating; C – NiCr-Cr3C2 base coating 
with NiCr addition and annealed at 500 degrees) 

 
CONCLUSIONS 

In this paper, NiCr-Cr3C2 coatings were sprayed on CuCrZr plates by means of supersonic 
flame spraying – high-velocity air fuel spraying (HVAF). The samples under study were divided 
into 3 groups: a coating without the adhesive layer, a coating with the NiCr backing layer, and an 
annealed composite coating. The microstructure and properties of the coatings were analyzed with 
the help of special materials and instruments. The friction and wear behavior and corrosion 
resistance of the coating under different conditions were studied through friction and wear tests and 
electrochemical experiments, leading to the following conclusions. 

1. The Cr3C2 alloy and the NiCr adhesive layer are subject to mechanical bonding, i.e. no 
chemical reaction occurs at their interface. There is a certain level of porosity in the coatings of all 
three groups within the coating and bond coating layer. However, it is minimized in composite and 
annealed coatings due to the elimination of residual stress and no adhesion. 

2. Due to the existence of a large amount of the hard ceramic phase of Cr3C2 and its high 
melting point, the composite NiCr-Cr3C2 coating has the highest hardness. 

3. The friction coefficient of the coating with the adhesive layer is more stable, but it is not the 
basis for judging the wear resistance.  

The width of the upper and lower abrasion resistance can also be obtained. After annealing at 
500 °C, the coating has a high strength and good abrasion resistance; the indicators are slightly 
worse for the coating without the adhesive layer. According to the electrochemical polarization 
curve of the coating, the corrosion tendency of the annealed coating is smaller; this sample 
manifests the highest resistance resistance. 

 
Fig. 3. Distribultion of hardness in the coating cross section 

 
2.4. Experiment results for the coating wear resistance 

Fig. 4 presents a diagram of friction coefficients of the coatings under study. The friction 
coefficient is mainly used to characterize the degree of wear of the coating. The coating without the 
NiCr backing and the coating annealed at 500 °  have similar friction coefficients, initially higher 
than that of the coating with the NiCr backing. However, after a period of time, the former starts to 
decrease, while the latter remains stable. The reason why the friction coefficient is unstable after 
annealing is that the precipitation of carbide in the coating aggravates the wear of the ball to the 
coating, and carbide is a wear-resistant phase, which causes the wear debris on the part of the ball to 
adhere to the surface of the coating. The adhesive debris interferes with the collection of pressure 
sensitive signals, leading to changes in the friction coefficient. 

 
Fig. 4. Diagram of friction coefficients of coatings 

 
2.5. Experiment results for the coating corrosion resistance 

The polarization curve analysis is one of the classical methods to study the electrochemical 
corrosion protection of coatings. It is widely used in exploring the corrosion mechanism of coatings, 
determining the corrosion rate, judging the corrosion resistance of materials, and evaluating the best 
materials. Fig. 2.5 presents the coating polarization curve. It evidences that the NiCr backing offers 
a lower corrosion potential and a smaller corrosivity. Besides, the corrosion tendency after 
annealing at 500 °C is much smaller. It follows from the comparison of the current density that the 
three corrosion rates are almost identical. In general, the annealed coatings have a better corrosion 

__________________________
© Li Tian-jing,  Zhou Peng-fei

Статью рекомендует в печать 
д-р техн. наук, проф. A. Н. Дубовой



ИССлЕДОвАНИЯ И РАзРАБОТКИ

№2 (8) 2017 smi.nuos.edu.ua    smi@nuos.edu.ua

67

ANALYSIS OF SHIP DEFORMATION UNDER SAILING
DOI 10.15589/SmI20170213

Shan Xiuwen  Bachelor of Engineering
  598321263@qq.com

Sun Lixiang  Master of Engineering
  SLX198100@163.com

Pu Yi  Master of Engineering
  puyi3321@126.com

Xu Chuncheng  Master of Engineering
  xuchuncheng@126.com

Yancheng Polytechnic College, Yancheng, 224000, China

Abstract. With the help of the three-dimensional potential flow theory and the hydrodynamic 
analysis of the loaded ship, the wave pressure distribution and the design wave parameters 
of the ship under loading conditions have been analyzed. Using the method of AQWA and 
ANSYS co-simulation, the stress level, stress distribution and deformation of the whole ship 
under loading conditions are obtained. The numerical analysis results can provide an effective 
basis for the assessment of ship navigation safety.
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Shan Xiuwen

Problem statement. With the rapid 
development of global trade, the size and 
technical parameters of self-propelled deck 
barges have been increasing. The develop-
ment of large-scale ships has led to weaken-
ing of the local rigidity of the hull and obvi-
ous deformation of the ship itself. When the 
ship is sailing, the hull will be deformed by 
the impact of the waves. In particular, as an 

example of large-scale ocean-going trans-
port, the self-handling deck barge has long 
distances for navigation, long time of sailing 
and complicated environment variables. It is 
of great significance to consider the effect of 
deformation in order to ensure the safety of 
large-scale ocean-going vessels. In the hull 
structure design, the longitudinal strength is 
an important indicator, and the use of a real 
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Abstract. Since process measurement data inevitably contain random or gross errors, it requires 

reconciliation. Dynamic data reconciliation methods have limitations in handling. Based on the 
robust estimation principle, a new robust estimation function is proposed in this paper. With its 
advantages in mathematic concepts and parameter adjustment, it can reconcile and detect random 
and gross errors simultaneously. The dynamic data correction method for particle filter has the 
problem of particle shortage. The combination of robust estimation and particle filter is used to 
update the particle weight by means of a robust function. Moreover, the particle filter can increase 
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The ship’s hydrodynamic analysis and the design 
wave method have been applied to obtain the design 
wave parameters provided in Table 1.

 3. Whole ship finite element analysis
The establishment of the whole ship finite element 

model is the basis for its structural strength analysis. 
This section introduces the main structural features 
and main dimensions of the ship, briefly describes 
the entire process of modeling, illustrates the setting 
of boundary conditions, and finally establishes a fi-
nite element model of the ship’s entire structure. The 
features under study: single-aft stern, double-bottom 
bow, smaller square coefficient, more deck, super-
structure, and deck openings. The deck, bottom skele-
ton, and side frame of the ship are used as the vertical  
skeleton.

The finite element model of the whole ship was es-
tablished with the help of ANSYS. The origin of coor-
dinates is taken at the intersection of tail vertical line, 
mid-longitudinal section and hull outer panel. The x axis 
is positive along the ship’s head and the y axis is positive 
along the ship’s breadth. The shaft along the depth of the 
vertical direction is positive.

ship test is the most accurate way of obtaining it. Due to 
the complicated structure of the hull, the hull strength 
test on a real ship is a sophisticated and laborious prob-
lem requiring tremendous financial and human resource 
expenditure. Thus, the use of theoretical calculations of 
the hull longitudinal strength is a relevant, realistic and 
feasible method. The traditional method of the hull beam 
theory discriminates the total intensity. With the emer-
gence of the finite element method and the rapid devel-
opment of computer hardware and software technology, 
they have been applied to this sphere, and the whole ship 
finite element analysis could be performed. At present, 
the finite element strength analysis of the whole ship is 
widely implemented to verify the strength of the ship 
structure theoretically in the most accurate and efficient 
way.

BASIC MATERIAL

 1. Marine meteorological parameters
Using the information on the conditions of the route, 

season and period of navigation of the ship, the worst 
parameters of marine meteorological environment can 
be obtained. The wave height is 5.9 m and the peak fre-
quency is 8.5 – 14.0 Hz.

 2. Ship hydrodynamic analysis
In order to obtain the design wave parameters of 

the ship in the set route, the hydrodynamic model of the 
ship is established by means of AQWA software using 
the three-dimensional potential flow theory, as shown in 
Fig. 1

According to CCS Rules for Construction of Domes-
tic Navigation Vessels, the direction and frequency of the 
design wave are obtained from the curves of the frequen-
cy response function of the main load control parameters 
at different heading angles of the regular wave [1].

The wave direction of the equivalent design wave is 
the wave direction at which there occurs the maximum 
frequency response function of the main load parameter.

Frequency is calculated from the frequency response 
function that determines the main load control param-
eters to reach the extreme wave angle frequency ωa. The 
amplitude of the equivalent design wave is determined 
by the long-term forecast extreme value of the load pa-
rameter and the peak value of the frequency response 
function, which is calculated as follows:

aw = Lj /Aj,                                 (1)

where aw is the design wave amplitude, m; Lj is the long-
term forecast value of the main load control parameters, 
the probability level of 10 – 8, shown in Fig. 2; Aj is the 
extreme value of the main load parameter; j is the main 
load control parameter number, such as j = 1, which 
stands for vertical wave bending torque.

Fig. 2. Relationship between the wave phase angle frequency 
and the vertical bending torque

Fig. 1. Ship hydrodynamic model

The wave direction of the equivalent design wave is the wave direction at which there occurs 
the maximum frequency response function of the main load parameter. 

Frequency is calculated from the frequency response function that determines the main load 
control parameters to reach the extreme wave angle frequency a. The amplitude of the equivalent 
design wave is determined by the long-term forecast extreme value of the load parameter and the 
peak value of the frequency response function, which is calculated as follows: 

                                                   (1) 

where  is the design wave amplitude, m;  is the long-term forecast value of the main load 

control parameters, the probability level of 10-8, shown in Fig. 2;  is the extreme value of the 

main load parameter; j is the main load control parameter number, such as j = 1, which stands for 
vertical wave bending torque. 

 
                                    
 

Fig. 2. Relationship between the wave phase angle frequency and the vertical bending torque 
 

The ship’s hydrodynamic analysis and the design wave method have been applied to obtain 
the design wave parameters provided in Table 1. 
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Wave height, m Angular frequency, rad·s-1 Phase angle, deg 

8.45 0.76 -39.0 
8.45 0.76 141.0 
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PROBLEM STATEMENT 

With the rapid development of global trade, the size and technical parameters of 
self-propelled deck barges have been increasing. The development of large-scale ships has led to 
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and the whole ship finite element analysis could be performed. At present, the finite element 
strength analysis of the whole ship is widely implemented to verify the strength of the ship structure 
theoretically in the most accurate and efficient way. 

BASIC MATERIAL 

1. Marine meteorological parameters 
Using the information on the conditions of the route, season and period of navigation of the 

ship, the worst parameters of marine meteorological environment can be obtained. The wave height 
is 5.9 m and the peak frequency is 8.5-14.0 Hz. 

2. Ship hydrodynamic analysis 
In order to obtain the design wave parameters of the ship in the set route, the hydrodynamic 

model of the ship is established by means of AQWA software using the three-dimensional potential 
flow theory, as shown in Fig. 1 

 
Fig. 1. Ship hydrodynamic model 

 
According to CCS Rules for Construction of Domestic Navigation Vessels, the direction and 

frequency of the design wave are obtained from the curves of the frequency response function of the 
main load control parameters at different heading angles of the regular wave [1]. 
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of the whole ship must be evaluated prior to sailing. In 
this paper, after the design wave load is determined and 
the finite element model of the ship structure is estab-
lished, the direct calculation based on the design wave 
method is applied to evaluate the whole ship’s strength 
under loading conditions. The calculation results show 
that the total strength of the ship meets the safety require-
ments under known loading and navigation conditions.

External forces affecting the ship (gravity, hydrostat-
ic pressure, etc.) are easy to cause draft conditions. The 
wave load is difficult to determine. The accuracy of the 
wave load calculation directly defines the accuracy of the 
calculation of the ship’s structural strength. Therefore, it 
is very important to predict the ship wave load correctly 
and reasonably. One of the viable indicators determined 
by the law is the maximum wave load that a ship may 
experience throughout its service life. If the ship is not de-
stroyed under this load, the ship structure is regarded as 
safe. However, due to various navigational environmental 
conditions and random operational situations, it is difficult 
to give accurate estimates of the maximum wave loads 
that may occur during the entire life of the ship. Therefore, 
the issue requires further research elaboration.

The scope of the model is the structure of the whole 
ship, and the small components such as the longitudinal 
keel are reasonably simplified. The grids are arranged ac-
cording to the CCS Rules for Classification of Sea-going 
Steel Ships of China Classification Society [2], as shown 
in Fig. 3.

 4. Calculation results and analysis
Taking into account its actual state, the structure of 

the whole ship is divided into the following types accord-
ing to the thickness of the construction: 

– shell and shell unit, including the deck, side shell 
and bottom plating, inner bottom plating, bottom string-
ers, hatch coaming, longitudinal bulkheads, transverse 
bulkheads, stiffeners, strong frames, longitudinal bimod-
al platforms, etc.

– beam elements, such as longitudinal and transverse 
members on board and stiffeners on watertight bulk-
heads, incorporated into the grid boundary of the plate 
element; 

– rod elements, such as stringer, rib, beams and other 
strong components on the wing, struts, etc.; quality point 
unit, adjustment of the weight distribution.

Under the established route and known loading con-
ditions, the maximum sag deformation of the ship occurs 
in the vicinity of the ship, being equal to 31.78 mm (see 
Fig. 4).

The maximum mid-arch deformation also occurs in 
the vicinity of the ship, near the mid-ship; it makes up 
61.339 mm (see Fig. 5).

Overall, under the four threshold conditions, the en-
tire ship is subject to considerable bent or twisted defor-
mations. As shown by the simulation results, the defor-
mation and stress characteristics of the hull are almost 
equivalent to the beam as a whole.

From the perspective of each structure, the super-
structure does not participate in the longitudinal defor-
mation; as a whole, the stress and deformation are small. 
Meanwhile, the deck is subject to the longitudinal defor-
mation, affected by greater stress.

The areas with high stress are mostly concentrated 
in the stern of the hull, since it is associated with a large 
share of the total longitudinal moment or total torque. 
Overall, the stress level at the bow of the ship is rela-
tively small.

There is also a phenomenon of local stress concen-
tration caused by the fact that the superstructure cannot 
participate in the longitudinal deformation. As a result, 
the part of the superstructure connected to the main deck 
is deformed forcibly, resulting in greater stress.

CONCLUSIONS. In order to ensure that the ship has 
a sufficient safety margin during operation, the strength 
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Abstract. The paper analyzes the electromagnetic processes in the power section of the se-
ries-to-series resonant converter for contactless inductive energy transfer. Static characteris-
tics or the converter are discussed. The state-variable method has been implemented to solve 
the vector-matrix equations describing the processes in the power section of the converter, 
which allowed obtaining the dependence of the average value of the output current on the pa-
rameters of the circuit elements, the load, and the size of the transformer gap. There have been 
also obtained the load and adjustment characteristics of the converter. The research results can 
be applied in the development of a converter control system. The adjustment characteristics 
are established for a sufficiently large interval with a large air gap; they are of a linear form. 
The load characteristics are quite rigid, which simplifies control of the converter’s output 
current.
Keywords: two-circuit resonant converter; contactless energy transfer; state-variable meth-
od; static characteristics.

Аннотация. Проанализированы электромагнитные процессы в силовой части 
последовательно-последовательного резонансного преобразователя для бесконтакт-
ной индуктивной передачи энергии. Получены решения векторно-матричных систем 
уравнений, описывающих электромагнитные процессы в силовой части резонансного 
преобразователя для бесконтактного электропитания. Получена зависимость средне-
го значения выходного тока преобразователя от параметров элементов резонансных 
контуров, величины воздушного зазора трансформатора, параметров источника и на-
грузки. Построены статические характеристики последовательно-последовательного 
резонансного преобразователя.
Ключевые слова: двухконтурный резонансный преобразователь; бесконтактная 
передача энергии; метод переменных состояния; статические характеристики.

Анотація. Проаналізовано електромагнітні процеси в силовій частині послідовно-
послідовного резонансного перетворювача для безконтактної індуктивної передачі 
енергії. Отримані рішення векторно-матричних систем рівнянь, що описують 
електромагнітні процеси в силовій частині резонансного перетворювача для безкон-
тактного електроживлення. Отримано залежність середнього значення вихідного 
струму перетворювача від параметрів елементів резонансних контурів, величини 
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повітряного зазору трансформатора, параметрів джерела і навантаження. Побудовано статичні характеристи-
ки послідовно-послідовного резонансного перетворювача.
Ключові слова: двоконтурний резонансний перетворювач; безконтактна передача енергії; метод змінних 
стану; статичні характеристики.
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Problem statement. Autonomous electronic devices 
of small and medium power capacity that require period-
ic battery recharging are widely represented among por-
table communication devices, office equipment, in medi-
cine, automotive industry, etc. However, the fact that 
conventional conductive power supply interfaces feature 
friction contacts reduces the reliability of the devices, 
limiting their use or making it completely unacceptable, 
as is the case with electronic implants. For this reason, 
contactless energy transfer systems are being actively 
developed; they make use of an inductive coupling for 
energy transmission over certain distances. In the pres-
ence of a large air gap, such systems are characterized 
with a low magnetizing inductance and high dissipated 
inductances. The use of resonance converters in this case 
will reduce switching losses, increase the conversion fre-
quency and efficiency, and improve the conditions for 
electromagnetic compatibility. It will also effectively 
compensate for the impact of dissipated inductances, 
providing for a high output power of the converter with 
a large air gap.

Latest research and publications analysis. The 
output power capacity of the inductive transmission is in-
versely proportional to the size of the air gap and directly 

proportional to the conversion frequency [6]. Therefore, 
the use of resonant converters providing soft switching 
of power keys allows achieving a greater power capacity 
of the magnetic system without increasing the dynamic 
loss in the keys [1 – 3, 7]. At that, the magnetizing and 
dissipated inductances will become part of the resonant 
circuit connected to the output of the inverter [4]. If reso-
nant capacitors of such ratings are included to the circuits 
of the transmitter coil and the receiver coil, the circuits 
will be tuned to the same resonant frequency, and the ef-
ficiency of the inductive transmission will be increased 
substantially [5, 8, 9].

A series-to-series topology of resonant convert-
ers (RC) is similar to a series-to-parallel RC but with 
the resonant circuit containing two inductors [2]. The 
series connection of the resonant capacitor on the rec-
tifier side endows the converter with the properties of 
a constant voltage source [9]. The main advantage 
of this topology is the ease of calculating the reso-
nant capacitor on the inverter side; the inverter rating 
should be selected only with account for the desired 
resonance frequency and the values of the dissipated 
inductances and the capacitor’s rating on the rectifier  
side [8, 9]. 
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half-cycle is equal to Tosc /2. The total number of half-
cycles is n = nFrRv + nDs. Each half-cycle of resonant oscil-
lations can be conveniently divided into intervals during 
which energy is transmitted in one direction. These in-
tervals are dubbed as conversion phases [1]. The conver-
sion phases characteristic of the series-to-series RC are 
shown in Fig. 3. 

Two phase types can be distinguished within the 
conversion half-cycle. During the direct conversion 
phase Fr, energy is transmitted from the source to the 
load. During the reverse conversion phase Rv, the energy 
of the circuit is partially recovered to the source and par-
tially transmitted to the load. Thereat, the difference in the 
currents flowing through the primary winding dissipated 
inductance and magnetizing inductance ILd1 – ILm = ILd2 
changes its sign, which leads to an increase in the current 
of the load. The ILd1 current then flows towards the EMF 
of the source. Within this phase, the conditions are cre-
ated for power transistors switching at zero voltage. In 
the course of the circuit energy dissipation, there is only 
one conversion phase Ds (the energy accumulated in the 
circuit is dissipated to the load). Equivalent circuits of 
the series-to-series RC for the conversion phases under 
consideration are given in Table 1.

Let us compose the state equations for the power sec-
tion of the resonant converter with a series connection 
of the capacitors of the primary and secondary circuits. 
The controlled variable is the converter’s output current  
y(t) = im(t) = iLd2(t), the controlling variable is the number 
of voltage pulses in the loading phase nFrRv. The process-
es occurring in the resonant circuit are characterized with 
the state vector xT(t) = [iLd1(t) iLm(t) uCd1(t) uCd2(t)].

THE ARTICLE AIM is to study the electromagnet-
ic processes in the power section of a series-to-series res-
onant converter for contactless inductive energy transfer 
and obtain its static characteristics.

Basic material. The use of resonant converters provid-
ing soft switching of power keys allows achieving a greater 
power of the magnetic system without increasing the dy-
namic loss in the keys. Taking into account the advantages 
of the series-to-series RC topology for contactless induc-
tive energy transmission, it is advisable to use a converter 
with the power section of a layout shown in Fig. 1. 

 The device consists of two parts. The ground part 
contains a power factor corrector (PFC), a high-frequen-
cy inverter (I), a series resonant circuit (RCir1), and a 
magnetic coil used as a transmitter antenna. The mobile 
part includes a receiver coil, a series resonant circuit 
(RCir2), a rectifier with a filter (Rec) and a load (L). En-
ergy transmission occurs through the magnetic coupling 
between the receiver and transmitter coils. A circuit dia-
gram of the power section of the RC for wireless induc-
tive energy transmission (WIET) is shown in Fig. 2.

 Pulse-count adjustment offers such advantages as 
the minimal dynamic loss, possibility of maintaining 
a switching frequency equal to the resonant frequency 
over the whole range of adjustment, and maintenance of 
a sinusoidal current. These features make it the most at-
tractive option of the adjustment of the output current in 
resonant converters.

In the case of pulse-count adjustment, the adjustment 
cycle consists of nFrRv half- cycle s of resonance oscilla-
tions of the Fr and Rv conversion phases and nDs half- 
cycles of the Ds conversion phase. The duration of each 
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During the direct conversion phase Fr, energy is transmitted from the source to 
the load. During the reverse conversion phase Rv, the energy of the circuit is 
partially recovered to the source and partially transmitted to the load. Thereat, 
the difference in the currents flowing through the primary winding dissipated 
inductance and magnetizing inductance ILd1-ILm=ILd2 changes its sign, which 
leads to an increase in the current of the load. The ILd1 current then flows 

without increasing the dynamic loss in the keys [1-3, 7]. At that, the magnetizing 
and dissipated inductances will become part of the resonant circuit connected to 
the output of the inverter [4]. If resonant capacitors of such ratings are included 
to the circuits of the transmitter coil and the receiver coil, the circuits will be 
tuned to the same resonant frequency, and the efficiency of the inductive 
transmission will be increased substantially [5, 8, 9]. 

A series-to-series topology of resonant converters (RC) is similar to a 
series-to-parallel RC but with the resonant circuit containing two inductors [2]. 
The series connection of the resonant capacitor on the rectifier side endows the 
converter with the properties of a constant voltage source [9]. The main 
advantage of this topology is the ease of calculating the resonant capacitor on 
the inverter side; the inverter rating should be selected only with account for the 
desired resonance frequency and the values of the dissipated inductances and the 
capacitor’s rating on the rectifier side [8, 9].  

THE ARTICLE AIM is to study the electromagnetic processes in the 
power section of a series-to-series resonant converter for contactless inductive 
energy transfer and obtain its static characteristics. 

BASIC MATERIAL 
The use of resonant converters providing soft switching of power keys 

allows achieving a greater power of the magnetic system without increasing the 
dynamic loss in the keys. Taking into account the advantages of the series-to-
series RC topology for contactless inductive energy transmission, it is advisable 
to use a converter with the power section of a layout shown in Fig. 1.  
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Fig. 1. Block diagram of the power section of the RC for wireless 

inductive energy transmission 
 
The device consists of two parts. The ground part contains a power factor 

corrector (PFC), a high-frequency inverter (I), a series resonant circuit (RCir1), 
and a magnetic coil used as a transmitter antenna. The mobile part includes a 
receiver coil, a series resonant circuit (RCir2), a rectifier with a filter (Rec) and a 
load (L). Energy transmission occurs through the magnetic coupling between the 
receiver and transmitter coils. A circuit diagram of the power section of the RC 
for wireless inductive energy transmission (WIET) is shown in Fig. 2. 
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Fig. 3. . Conversion phases of the series-to-series RC:
а — energy transfer to the circuit, b — dissipation of the energy accumulated in the circuit
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Table 1. Equivalent circuits of the series-to-series RC for the conversion phases under consideration

Conversion 
phase

Resonant current 
sign Closed keys Equivalent circuit

Fr

+

VT2  
VT3  
VD5  
VD8

towards the EMF of the source. Within this phase, the conditions are created for 
power transistors switching at zero voltage. In the course of the circuit energy 
dissipation, there is only one conversion phase Ds (the energy accumulated in 
the circuit is dissipated to the load). Equivalent circuits of the series-to-series 
RC for the conversion phases under consideration are given in Table 1. 
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+ 
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Let us compose the state equations for the power section of the resonant 

converter with a series connection of the capacitors of the primary and 
secondary circuits. The controlled variable is the converter’s output current 
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The system of equations for the positive half-wave of 
the resonant current of the Ds conversion phase has the 
following vector-matrix form:

x(t) = ADs+ · x(t) + BDs+ · E;                       (6)
y(t) = CDs+ · x(t).                               (7)

where

 

EBxAx
.

  DsDs (t)(t) ;    (6) 
)()( tty Ds xC   ,     (7) 
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Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
EDxx A  

FrSS
kTt kTtkTet SS )()()( oscosc

)( osc ;   (8) 
b) conversion phase Fr, negative half-wave ((k+1/2)T <t<tFr-): 

EDxx
A




FrSS

Tkt
TktTket SS ))

2
1(())

2
1(()( oscosc

))
2
1(( osc ; (9) 

c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
EBDxx A  

RvFrSSFr
tkTt tsckTttkTet FrSS )o()()( osc

)( osc ;    (10) 
d) conversion phase Rv, negative half-wave ((k+1/2)Tosc+tFr+<t<kTosc): 
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e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
<(k+1/2+nFrRv)·Tosc): 
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e) conversion phase Ds, positive half-wave  
((k + nFrRv) · Tosc < t < (k + 1/2 + nFrRv) · Tosc):
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where md2md1d2d1 LLLLLLKL  ; m2m1d21 LRLRLRKRL   . 
The equations for the negative half-wave of the Fr phase are identical, up 

to the signs of the EMF values, i.e.   FrFr BB . The following equality is 
satisfied (also valid for other conversion phases): 
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The expression   RvRv BB  is also valid for the negative half-wave. 
The system of equations for the positive half-wave of the resonant current 

of the Ds conversion phase has the following vector-matrix form: 

.

The expression BRv– = –BRv+ is also valid for the neg-
ative half-wave.
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Substituting actual parameters of the converter to the 
obtained expressions, one can calculate the adjustment 
and loading characteristics of the series-to-series RC by 
means of numerical simulation. To bring static charac-
teristics to the dimensionless form, the following coef-
ficients are introduced:
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t
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 is the identity diagonal matrix. 
The average output current for the half-cycle of the circuit loading (Fr, Rv 

phases) can be calculated as follows: 
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The average output current for the negative half-cycle can be written as 

follows: 
EDC  11 )0()0( xyav . 

The average output current for the energy dissipation half-cycle of the (Ds 
phase) can be calculated in the following way: 
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The average output current in the negative half-cycle can be written as 
follows: 

EDC  22 )0()0( xyav . 
These expressions describe the electromagnetic processes in the power 

section of the series-to-series RC within one half-cycle. 
Substituting actual parameters of the converter to the obtained 

expressions, one can calculate the adjustment and loading characteristics of the 
series-to-series RC by means of numerical simulation. To bring static 
characteristics to the dimensionless form, the following coefficients are 
introduced: 

m

m

E
EqE  ; 

m.max

m

I
IqI  , 

where m.maxI  is the maximum calculated output current. When charging a battery, 
this current must be equal to or greater than the rated charging current m.ratedI  
determined by the battery’s capacity. For example, a battery with the capacity of 

, 

where Im. max is the maximum calculated output current. 
When charging a battery, this current must be equal to or 
greater than the rated charging current Im. rated determined 
by the battery’s capacity. For example, a battery with the 
capacity of 2500 mA/h corresponds to Im. rated = 2500 mA. 
The voltage at the battery terminals most often varies 
within qE = 0.5...0.7 from the source voltage [5].

Fig. 4 demonstrates the groups of adjustment char-
acteristics of a series-to-series RC with an air gap of 
250 mm (a) and 45 mm (b). 
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Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
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c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
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d) conversion phase Rv, negative half-wave ((k+1/2)Tosc+tFr+<t<kTosc): 
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e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
<(k+1/2+nFrRv)·Tosc): 
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f) conversion phase Ds, negative half-wave ((k+1/2+nFrRv)·Tosc<t< 
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c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
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f) conversion phase Ds, negative half-wave  
((k + 1/2 + nFrRv) · Tosc < t < (k + 1 + nFrRv) · Tosc):
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These expressions describe the electromagnetic pro-
cesses in the power section of the series-to-series RC 
within one half-cycle.

Fig. 4. Adjustment characteristics of a series-to-series RC:
a — with an air gap of 250 mm; b — 45 mm;
1 — qE = 0.8; 2 — qE = 0.7; 3 — qE = 0.6; 4 — qE = 0.5

2500 mA/h corresponds to 2500m.rated I mA. The voltage at the battery terminals 
most often varies within 7,05,0Eq  from the source voltage [5]. 

Fig. 4 demonstrates the groups of adjustment characteristics of a series-to-
series RC with an air gap of 250 mm (a) and 45 mm (b).  
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The adjustment characteristics at the gap of 250 mm are virtually linear, 

whereas at 45 mm they acquire a nonlinearity in the area of small values of nFrRv. 
The output current is substantially affected by the load’s anti-EMF. The 
dependence of the output current on the magnitude of the anti-EMF is more 
clearly illustrated by the group of curves shown in Fig. 5. 
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ments of the resonant circuits, the size of the air gap of 
the converter, the source and load parameters. The ob-
tained dependences can be applied to calculate the ad-
justment and load characteristics of a series-to-series RC 
by means of numerical simulation with regard to actual 
parameters of the converter. 

The adjustment characteristics at the gap of 250 mm 
are virtually linear, whereas at 45 mm they acquire a non-
linearity in the area of small values of nFrRv. The output 
current is substantially affected by the load’s anti-EMF. 
The dependence of the output current on the magnitude 
of the anti-EMF is more clearly illustrated by the group 
of curves shown in Fig. 5.

The converter has the properties of a constant voltage 
source. For battery charging, it must be designed with 
the average output current being equal to   at the maxi-
mum anti-EMF load and control value. With an air gap 
close to zero, the characteristics of the series-to-series 
RC will be similar to those of the series RC with relay 
 control [1].

CONCLUSIONS. The article analyzes the electro-
magnetic processes in the power section of a series-to-
series resonant converter for contactless inductive ener-
gy transfer. The processes are presented by dividing the 
conversion half-cycles into the transformation phases. 
Upon solving the vector-matrix systems of equations 
describing the electromagnetic processes in the power 
section of the RC for WIET, it was possible to obtain an 
analytical expression for the average output current of 
the converter. It depends on the parameters of the ele-
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Abstract. Analysis and formalization of the monitoring and automatic control tasks of the 
MR for the movement and execution of various types of technological operations on inclined 
and vertical ferromagnetic surfaces are obtained. Generalized structure of mobile robotic 
complex is shown with main subsystems consideration. Critical analysis of the current state 
of the problem of development of universal structures of mobile robots (MRs) for the various 
types of technological operations execution and elaborations of computerized systems for 
monitoring and control of MR movement is done. In particular, wheeled, walked and crawler 
type MRs with pneumatic, vacuum-propeller, magnetic and magnetically operated clamping 
devices to grip with vertical and ceiling surfaces are reviewed. The constructive features of 
the crawler MR with magnetic clamping devices capable of moving along sloping ferromag-
netic surfaces are considered. The basic technical parameters of the MR are shown for the 
further synthesis of computerized monitoring and automatic control systems. Formalization 
of the tasks of monitoring and control of the MR positioning at the processing of large area 
ferromagnetic surfaces is considered from the point of view of control theory.
Keywords: mobile robot; propulsor; clamping device; control system; positioning; controlled 
coordinates.

Аннотация. В работе проведен анализ и формализация комплекса задач мониторинга и 
автоматического управления мобильными роботами (МР) для перемещения и выполне-
ния различных технологических операций на наклонных и вертикальных ферромагнит-
ных поверхностях большой площади. Определены основные управляемые координаты 
гусеничного МР с магнитными прижимными устройствами для дальнейшего синтеза 
компьютеризированной системы мониторинга и автоматического управления.
Ключевые слова: мобильный робот, движитель, прижимное устройство, система 
управления, позиционирование, управляемые координаты.

Анотація. В роботі проведено аналіз та формалізація комплексу задач моніторингу 
та автоматичного керування мобільними роботами (МР) для переміщення та виконан-
ня різнотипних технологічних операцій на похилих та вертикальних феромагнітних 
поверхнях великої площі. Визначені основні керовані координати гусеничного МР з 
магнітними притискними пристроями для подальшого синтезу комп'ютеризованої си-
стеми моніторингу та автоматичного керування.

Ключові слова: мобільний робот, рушій, притискний пристрій, система управління, 
позиціонування, керовані координати.
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inclination, keeping to a specified position without slip-
ping, taking the required starting position, etc.

The number of scientific and technical publications 
regarding the MRs with magnetic and magnetically op-
erated CDs is quite limited [4 – 6, 14 – 18]. The complex 
of tasks for monitoring, control, and further synthesis of 
structures, models, control devices, and firmware for the 
MR control systems should be subject to a proper analy-
sis. It is being studied by a number of research teams 
around the world.

THE ARTICLE AIM is to analyze and formalize 
the complex of tasks for monitoring and automatic con-
trol of the MR for its movement and execution of various 
types of technological operations on large inclined and 
vertical ferromagnetic surfaces. 

Basic material. Research and development of robots 
for vertical movement are carried out at the laboratories 
and research centers of technologically developed coun-
tries [8, 9]. An MR can be presented as a set of three 
major subsystems: a transport subsystem, a specialized 
subsystem and a control subsystem (Fig. 1) [8].

The transport subsystem (Fig. 1) is a platform in-
tended for the delivery of specialized and technologi-
cal equipment to the work site. The transport platform 
consists of an undercarriage, a main body, and a power 
plant. As a rule, the control system is installed inside the 
main body. Depending on the type of the operational en-
vironment, the MR may have a tracked, wheeled, wheel-
tracked, semi-tracked, walking or wheel-walking under-
carriage a water jet or gas jet propulsor. The appearance 
of the ground MR is primarily determined by the type 
and design of the propulsor used to convert the force de-
rived from the engine into the traction effort that drives 
the transport platform.

Selection of the propulsor’s type and dimensions is 
very complicated. It is virtually impossible to create a 
universal design of the propulsion system, which would 
give the MR an opportunity to move equally steadily 
under various conditions. Numerous types and proper-
ties of the soil, terrain complexity, and the need to move 
over the elements of structures and inside buildings are 
the reasons for creation of a large number of layouts for 
the robots equipped with propulsors of different types. 
The developers are focused on various modifications of 
wheeled and tracked propulsors, with less attention being 
paid to the walking ones and least to the other types. The 
latter include rotor-screw propulsors, air cushion vehicles 
[8] and so on, i.e. those designed for movement on the 
surface with specific physical and mechanical properties 
(wetlands, shallow water, or deep snow). Therefore, each 
type of propulsors corresponds to a particular range of ap-

Problem statement. Improvement of labor produc-
tivity with reduction in the risks to human life, health 
and environment when performing various works in ex-
treme conditions and inaccessible areas is presently an 
urgent issue resulting from the intensive industrial devel-
opment in many countries of the world [1, 2, 8]. There 
are various ways to solve this problem, and one of them 
is the use of advanced high-technology equipment with 
programmable control, flexible production modules, and 
robotic technological complexes.

Multipurpose mobile robots appear to be the most 
promising solution. They are used for performing at least 
two different tasks from the following complex: cleaning 
of large and/or hardly accessible horizontal and vertical 
surfaces, decontamination of radioactive premises and 
facilities, underwater operations in a radioactive envi-
ronment, installation of dowels and explosive devices, 
fire-fighting operations, dyeing, inspection and diagnos-
tics, welding, cutting, removal of burrs, polishing, and 
ship hull desalination. All of the above are quite labor-
intensive and hazardous to human life and health [1]. 
Most of the available solutions are based on telecontrol, 
but autonomous MRs that do not permanently require 
an operator to carry out the control activities are also on 
the rise. At the same time, the effective use of such MRs 
necessitates the development of advanced monitoring 
and automatic control systems. Integrated automation of 
multipurpose MRs allows for a significant improvement 
of the control accuracy and high-quality performance of 
technological operations.  

Latest research and publications analysis. Over 
the last few years, developed countries have been con-
ducting intensive research on the creation of mobile re-
motely operated robots capable of moving on horizontal, 
inclined or vertical surfaces using mechanical, pneu-
matic, vacuum and adhesive clamping devices (CDs) [1, 
3 – 7, 10, 12 – 20]. However, peculiarities of the combina-
tion of propulsors and CDs pose limitations to the use of 
most types of such robots due to their unsuitability for 
complex surfaces.

To perform the works in extreme conditions with 
high quality and reliability, the MRs are provided with 
the elements of navigation (position and inclination 
sensors) and communication (transmitters, receivers) 
systems, pneumatic, hydraulic or electric drives [8, 9]. 
In most cases, control and communication systems are 
implemented in the form of onboard built-in controllers 
[11, 15 – 19]. At that, programmed and remoted types of 
control have become the most widespread options [3, 11, 
13, 14, 16, 17, 19]. They enable the MR to tackle the fol-
lowing tasks: crossing and bypassing obstacles, moving 
along a given trajectory with account for the surface’s 
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– the mobile robot operator’s post (control panel, vid-
eo monitoring devices, computer for data processing);

– the receiving and transmitting equipment kit pro-
viding the transfer of data from the robot to the opera-
tor’s post and control commands from the operator’s post 
to the mobile robot. 

The control subsystem should also provide the robot’s 
movement planning in nondeterministic conditions based on 
the map database and the data continuously coming to the 
control system from the technical senses and the navigation 
system. The complexity of the control system is determined 
by the complexity of the problem being solved, the degree 
of uncertainty of the environment, and the degree of the ro-
bot’s autonomy. It is the development of control subsystems 
that determines the development of robotic complexes as a 
whole. Researchers pay a lot of attention to the study of dy-
namic processes and control systems with the feedback on 
position, strength, and acceleration [2]. At present, designing 
of the control systems employs the advances on optimizing 
the locomotion, control algorithms and programs with the use 
of intelligent technologies for the robots’ movement under 
extreme and nondeterministic conditions in order to increase 
their mobility and autonomy [1, 11].

Special features of mobile robots of various func-
tional purposes, which are capable of moving along 
inclined and vertical surfaces.

To move along external surfaces of buildings and 
facilities, mobile robots can be equipped with vari-

plications. For instance, a multipurpose MR intended for 
use on uneven terrain is fitted with a tracked undercarriage 
as the most versatile one. However, when an MR is pre-
dominantly used on roads or other fairly even surfaces, the 
wheeled option appears to be more attractive [8].

Under the conditions where the speed of a wheeled or 
tracked robot is lower than the speed of a walking one, it is 
advisable to use the latter (for example, in a mountainous 
terrain or the site of destruction). When designing conven-
tional vehicles, the propulsion parameters are optimized 
for the most typical operational conditions and surfaces. 
However, such optimization for a mobile robot is a very 
complex problem due to the uncertainty of the operational 
conditions. This is why the MR propulsors are currently 
constructed adaptable to the operating surface [1, 2].

The specialized subsystems are directly designed for the 
execution of specific works. They comprise the required set 
of technological equipment, which is determined by the type 
of the problem being solved and the purpose of the MR. 

The control subsystem provides control of the move-
ment and operation of the technological equipment, as 
well as adaptive control of the undercarriage and power 
plant with account for interaction of the transport subsys-
tem with the environment.

The control subsystem comprises the following units:
– the data control unit located on the mobile robot 

(robot control equipment, sensors, machine vision sub-
system, data pre-processing microprocessors); 

Fig. 1. Generalized structure of a mobile robotic complex 
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Therefore, MRs of this type are poorly controllable, 
they move slowly, with jerks, which often leads to the 
need for re-cleaning of the skipped areas. In addition, the 
vacuum clamping devices are unreliable when operating 
on heterogeneous surfaces (such as welded joints) that 
deform the vacuum seal and make the robot fall off. It is 
rather difficult for such an MR to perform any operations 
other than paint stripping and almost impossible to move 
at high speeds, which is essential for enhancement of its 
performance at cleaning operations [1]. While the vac-
uum devices provide the required clamping force, they 
are sensitive to the quality and heterogeneity of the sur-
face and call for considerable expenses aimed at intense 
maintenance and frequent replacement.

Vacuum CDs based on propeller screws. The clamp-
ing devices based on propeller screws may serve as an 
alternative to the above mentioned CDs (Fig. 3, a). They 
are placed in a closed suction chamber and do not rely 
upon the material of the operating surface [19]. Due to 
their multifunctionality, they can adjust the direction 
and speed of the mobile robot under water, allowing it 
to reach the surface if the adhesion to the ship’s hull is 
lost. However, these CDs have large weight and dimen-
sions due to the presence of a geared DC motor in their 
structure. The shafts should be sealed carefully for un-
derwater operation. To provide for the semi-autonomous 
operation without monitoring, the control system of the 
walking cleaning robot contains encoders on each rotat-
ing part, accelerometers, differential pressure sensors for 
measurement inside the suction chamber, an absolute 
pressure sensor for depth measurement, and elements for 
the exploration of the local environment.

The MR control system [19] is hierarchical and com-
prises three levels. The basic, top-level unit calculates 
the path the robot must follow to clean an object effec-
tively. The configuration of this unit may vary depending 
on the applied strategy (random or based on the layout of 
the robot’s main body). The middle-level reactive system 
is responsible for autonomous crossing of obstacles and 
performing of local maneuvers (based on sensory data). 
The bottom-level controller is realized with the use of the 
Simatic S7-300 PLC; a GUI operator has been developed 
for the regulation of the engine’s operation. The control-
ler may be directly available to the human operator for 
operational monitoring.

Another MR, VertiGo, is based on a frame made of 
lightweight carbon fiber [20]. The robot has four wheels, 
and the front two can be rotate like the front wheels of 
a car. The VertiGo robot can move along vertical sur-
faces due to its two propellers driven by electric motors 
mounted on a movable suspension (Fig. 3, b). The robot’s 
frame accommodates a microcontroller that receives in-

ous types of clamping devices: mechanical, magnetic, 
adhesive, pneumatic, vacuum, and magnetically oper-
ated ones. Their peculiarities pose limitations to the 
use of most types of MRs due to their unsuitability for 
complex surfaces. Let us consider each type of MR 
CDs individually, together with appropriate control  
systems.

Vacuum CDs based on seals. The vertically moving 
robots mainly employ pneumatic devices with universal 
seals for gripping vertical and ceiling surfaces; the seals 
are suitable for any surface material [1, 3, 9, 13, 17]. 
For instance, cleaning MRs can be fitted with a wheeled 
undercarriage and a descender [17], a mobile wheeled 
system with a telescopic lever (Fig. 2) [13], or a walking 
undercarriage with pneumocylinder propulsion [3]. The 
weight and dimensions of robots can be reduced through 
the use of multipurpose CDs, which allow both holding 
on to a given position and effectively cleaning the op-
erating surface. In this case, the gripping effort of the 
vacuum device should be sufficient to keep the robot at 
a given position on the vertical surface and provide the 
normal force required for its movement. If the vacuum’s 
clamping force is too low, the robot will fall off from 
the vertical surface; if the clamping force is too high, the 
robot will be difficult to move [1]. 

Fig. 2. Cleaning MR based on a wheeled complex with a univer-
sal CD and a telescopic lever
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the operating surface. The disadvantages are a low reli-
ability and short service life due to the continuous shock 
mechanical collisions of the permanent magnets with the 
operating surface during the caterpillar tracks movement, 
which leads to demagnetization and gradual destruction 
of the magnets. Besides, the energy efficiency of the ro-
bot’s movement is quite low, since each subsequent ele-
mentary (singular) displacement of the device equivalent 
to the width of a track’s permanent magnet is accompa-
nied by separation of the latter in the opposite direction, 
which leads to the emergence of additional resistance to 
the robot’s movement and extra energy loss.

Wheeled MRs with permanent magnets are widely 
used for diagnostics and inspection in inaccessible areas; 
Fig. 4, b shows the Magnetbike model [12], and Fig. 4, c 
shows the HR-MP20 model [6]. The former is equipped 
with roughness and thickness sensors, instrumentation 
for measuring oxygen concentration, and wide-angle 
CCD high-resolution cameras. Navigation of the inspec-
tion robot is provided by means of an integrated minia-
ture gyroscope XSENS MTi and a directed coordinate 
system (AHRS). The low-power internal signal proces-
sor implements 3D drift orientation of the MR without 
energy consumption and calibrates 3D acceleration, 
turning course, and magnetic field data of the earth.

formation from inertial sensors and two infrared sensors. 
The sensors continuously provide information on the 
robot’s current position in space and the distance to the 
obstacle to be crossed. Using these data, the processor 
calculates the propeller angles and rotational speeds nec-
essary for the creation of the air flow to reliably hold the 
lightweight robot, pressing it to the vertical surface. Such 
MRs can be used to conduct a survey of the structure 
integrity regardless of its material, particularly in inac-
cessible areas of buildings and facilities. More energy-
intensive operations are still beyond their capabilities.

Magnetic clamping devices. Fig. 4, a presents a mod-
el of the underwater cleaning and inspecting MR with 
permanent magnets on its tracks (Fugro, Aberdeen, GB 
[14]). The robot has a hydraulic drive and is controlled 
remotely (from the ground) with the help of a laptop. 
Cleaning is carried out through a combined effect of 
water jets and rotating brushes on the processed surface. 
The quality of the cleaning and diagnostics control is en-
hanced by means of HD stereo cameras and ultrasonic 
thickness gauges, cathodic protection monitoring, sur-
face thickness measurement, cracks detection, 3D So-
nar visualization, and laser scanning. The advantages of 
such an MR are its high operational speed, mobility and 
maneuverability due to the large area of adhesion with 

Fig. 4. Wheeled MRs with permanent magnets:
a — for cleaning; b, c — for inspection

Fig. 3. Mobile robots based on vacuum clamping devices:
a  — underwater walking cleaning robot; b — ground wheeled robot
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made on the basis of a four-wheeled cart. Due to the powerful neodymium 
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neodymium magnets ensure the robot’s operation on flat and curved surfaces 
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the maximum speed of 13.3 m/min. 
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the safety issues, which includes an automatic stop in the 
event of any firmware malfunction and automatic closing 
of the cleaning device’s nozzles when the robot stops. 
The surface stripping speed is determined by a computer 
vision system that photographs the stripped surface and 
compares the photo with static images of the steel sur-
face stored in the memory. The system then decides to 
increase or decrease the speed of the MR movement.

Therefore, magnetic clamping devices are a very 
promising option for the works on ferromagnetic surfac-
es. They are applied even in large MRs. Yet, these CDs 
do not provide for the control of the clamping force and 
suggest a limited number of cycles of collision with the 
operating surface in some structural arrangements (for 
example, when mounted on the robot tracks) [5].

Adhesive CDs. Chemical and molecular adhesion is 
one of the ways to secure a robot on the surface. A walk-
ing robot that employs molten plastic to move [7] can be 
fixed on vertical surfaces with a load that may exceed its 
own weight. The robot’s legs are equipped with heating 
elements. When in action, these elements melt a special 
polymer composition, which then fills even the smallest 
cracks and displays of roughness of the operating surface 
(Fig. 5, a). Each cycle (step) of the robot involves heat-
ing the material, attaching the leg to the surface, slight-
ly cooling the material, movement and strong cooling, 
which allows the legs to separate from the surface. The 
MRs of this type can be used as front scouts in mining 
rescue services, assistants in the construction of high-rise 
buildings, or instruments for the decoration (artistic fin-
ishing) of vertical walls and facades. However, the heat-
ing, melting and further cooling of the adhesive poly-
meric mixture call for substantial energy expenditure. In 
addition, a part of this mixture remains on the operating 
surface, so the robots have to be additionally equipped 
with a spare tank of this material. It should also be noted 
that the strength of chemical adhesion tends to decrease 

The remotely controlled robot HR-MP20 is aimed at 
diagnosing hidden defects and cracks in the metal struc-
tures of wind generator turbines [6]. It is made on the 
basis of a four-wheeled cart. Due to the powerful neo-
dymium magnets installed in the wheels, it can freely 
move along the vertical surfaces of turbine supports and 
curved surfaces of the blades (Fig. 4, c). In some cases, 
the wind turbine should not be stopped completely for 
its inspection, since the force of magnets and the power 
of electric drives of the robot allow it even to grip the 
surface of rotating blades, overcoming the impact of cen-
trifugal forces. Five neodymium magnets ensure the ro-
bot’s operation on flat and curved surfaces with a radius 
of curvature up to 1.2 m in any direction selected by the 
operator at the maximum speed of 13.3 m/min.

The inspection MRs with magnetic clamping devices 
are characterized with a high passability and can work 
autonomously, but they have a limited scope of applica-
tion due to the low load capacity.

Publication [17] considers a wheeled cleaning MR 
M2000 with permanent magnets. It weighs 216 kg and 
is made of corrosion-resistant materials, such as tita-
nium, stainless steel, and various plastics. The engines, 
sensors and electrical connectors are fully sealed, so that 
the entire robot can be poured over with water or even 
immersed in it for a short period of time. The M2000 
contains two large magnets fixed under its front and rear 
axles. The robot is intended for stripping the paint up to 
6.3 mm thick, which corresponds to the largest gap be-
tween the magnet and the steel surface. The large normal 
clamping force of the magnet allows the MR to move 
safely on smooth, wet and even oil surfaces. The robot is 
directed with the help of an industrial radio control unit. 
The built-in microcontroller converts the signals from 
the control unit’s joystick and input buttons into the cor-
responding signals for the MR actuators and air valves. 
The low-level microcontroller subsystem also addresses 

Fig. 5. Walking mobile robots:
a, b — equipped with adhesive CDs; c — equipped with magnetically operated CDs
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to receive instructions and transmit the sensor data. The 
system includes four types of sensors. Linear sensors 
measure the position of the pneumatic drive and allow 
for a real-time calculation of the robot’s kinematic con-
figuration. A three-speed accelerometer measures the lo-
cal gravity, estimates the robot’s spatial orientation, and 
adjusts the estimate of the robot’s position on the ship’s 
hull. Finally, two video cameras are used for the surface 
treatment quality monitoring and additional positioning 
of the robot [18].

The movement control subsystem is built on a regu-
lar personal computer (PC) with the RS485 interface for 
communicating with the robot control subsystem and the 
appropriate input for the data transmitted from the video 
cameras tracking the cleaning quality. The movement 
control is based on three hierarchical levels that corre-
spond to three different modes. Lower levels are subor-
dinate to upper levels. The operator can access any level 
via the graphical user interface where (s)he can choose 
the manual, semi-autonomous and autonomous mode for 
the robot’s operation.

The advantages of such an MR are its high passabil-
ity and reliability of adhesion to a ferromagnetic surface 
provided by the additional electromagnets. The disad-
vantage is the limited scope of application, since it can 
handle only the outer surfaces of the ship’s hull due to 
the large amount of wires and cables [1].

Paper [15] proposes an interesting concept, namely, 
the inspection mobile robot SCID fitted with two power-
ful clamping electromagnets. It does not have a drive but 
moves under the impact of gravity along any trajectory. 
The control strategy is to modulate the frictional force 
between the electromagnet and the surface to obtain a 
given trajectory. The MR employs two types of sensors. 
Thus, two potentiometers (standard, single-turn, linear) 
measure the angle position, while the ADXL 202 ac-
celerometer determines the absolute angle of the robot’s 
deviation from the course. The MR is equipped with a 
hybrid fuzzy-digital microcontroller ST52E420, which 
controls the robot’s movement autonomously, according 
to a pre-recorded program. This MR has a high energy 
efficiency and a small weight. At the same time, its ap-
plication is limited because it can only move from top 
downwards, which does not allow operating on ceilings. 
Moreover, the system is characterized with a low reli-
ability; the robot may slip uncontrollably and move on 
complex vertical surfaces unsteadily.

The marine wheeled MR Octopus (French) [16] is 
capable of moving on vertical, horizontal or inclined 
steel surfaces with the help of powerful magnets. The 
Hie system can be pre-programmed to follow a specified 
path or to be controlled remotely (via a joystick) in real 

after several applications due to the presence of dust on 
the surfaces [1].

It is promising to make use of molecular gravity 
forces (also dubbed as the Van der Waals force), as does 
the Abigaille robot [10] regarded as an outer space ro-
bot (Fig. 5, b). It is capable of moving along vertical and 
horizontal surfaces by using the principles of gripping 
the surface like a gecko lizard does. The surface of the 
robot’s legs is covered with millions of dry tiny fiber-
glass setae ending with flat surfaces. It is modeled after 
the toes of a gecko, which is able to move along abso-
lutely smooth vertical surfaces without the use of adhe-
sives. Flat ends of the millions of setae come into con-
tact with the material of the surface and allow holding a 
fairly large load. The advantage of such a technology is 
its suitability for use in vacuum, under sharp temperature 
changes and other extreme conditions of the open space. 
The only drawbacks of such CDs are the manufacturing 
complexity and high cost.

Magnetically operated CDs. Fig. 5, c presents the 
ship cleaning MR of the walking type with manual, semi-
automatic and automatic control [18]. The combined 
clamping devices are based on permanent NdFeB mag-
nets, and additional electromagnets prevent the accumu-
lation of ferromagnetic dust during the robot’s operation. 
These electromagnets also separate the MR legs from 
the operating surface at the movement through creating 
magnetic fields opposite to those of the permanent mag-
nets. Such clamping devices allow adjusting the value of 
the clamping force when necessary. The robot’s architec-
ture is based on two four-legged frames or modules con-
nected by a complex of joints that move relative to one 
another by means of a pneumatic actuator. This is how 
the robot’s movement on the ship’s hull is provided.

The control system comprises two major parts: an 
onboard control system and a movement control sys-
tem. The former checks the sensors and makes real-time 
decisions regarding the state of the executive mecha-
nisms. The latter is located in the base station on land. 
The movement control system authorizes the interaction 
with operators, plans the path to cover the area to be 
cleaned, and checks the surface treatment quality using 
the data obtained from two intelligent cameras. At that, 
one camera is in front of the cleaning tool, and the other 
is behind it. The two subsystems are connected via the 
communication line. The entire control system includes 
four levels of control, one on the robot and three on the 
base station.

The onboard MR control system is based on the mi-
crocontroller PIC24HJ256GP206, which is designed for 
operation under industrial conditions. It communicates 
with the base station via the bus with the RS485 interface 
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that are not visible from this angle. The robot is built on 
a solid two-component flat frame (Fig. 6, a). Rectangular 
part of the frame 1 is equipped with a tracked mechanism 
[5]. Each caterpillar track 2 is equipped with a driving 
and a driven wheels, tape 3 made of a friction material 
is stretched in between. Each driven wheel is connected 
to drive motor 4 and gear unit 5. The rectangular part 
of the frame also accommodates zero buoyancy tank 6 
and spherical hinges 7 (on the lower surface) securing 
the main permanent magnets 8 between the left and right 
caterpillar tracks with a proper gap δ to the operating 
ferromagnetic surface 9 (Fig. 6, b). The second part of 
the frame has a triangular shape (labeled 10 in Fig. 6, a). 

time. The robot has low speed and passability because 
of the wheels’ small area of adhesion to the operating 
surface.

As evidenced by the critical analysis of most types 
of available MRs, the most promising option is a tracked 
MR equipped with magnetic or magnetically operated 
CDs.

Layout and basic properties of a mobile robot for 
vertical movement along inclined ferromagnetic sur-
faces.

Fig. 6 presents a layout of a mobile robot for the 
mechanical cleaning of a ship’s hull. In particular, the 
dashed lines in Fig. 6, a (top view) indicate the elements 

Fig. 6. Layout of the MR for mechanical cleaning of ferromagnetic surfaces: a — top view; b — cross-section A – A

b)

а)
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sion of the device to the operating surface by increasing 
the magnetic holding force of the robot. The main vector 
of the clamping force generally acting on the polar mag-
net facet and its components are calculated in [4].

The presence of an appropriate gap between the main 
permanent magnets and the surface allows increasing 
the speed and passability of the robot, since it provides 
the possibility of orienting the outer plane of the main 
clamping magnets in relation to the ship’s hull. The pro-
posed tracked MR consumes less power because there is 
no additional resistance to movement, which means that 
there is no need for a cyclic separation of the permanent 
magnets from the ferromagnetic surface during move-
ment like that described in [4, 14].

Major tasks of monitoring and automatic control of 
the MR. In order to ensure reliability of the MR move-
ment and continuity of the high-quality cleaning of the 
ship’s hull surface (or other technological operations), 
these processes should be automatically controlled with 
the appropriate level of precision, all the operating pa-
rameters of ongoing operations should be monitored and 
checked for compliance with the declared level of qual-
ity. In addition, it is necessary to keep track of the cur-
rent operational parameters of the robot and its technical 
equipment [2].

Let us regard the robotic complex under consider-
ation as a multi-coordinate control and monitoring ob-
ject. Then, there can be formulated the following major 
tasks for its monitoring and automatic control:

• monitoring and automatic control of the YMR vector 
of the MR spatial motion parameters;

• monitoring and automatic control of the FMR value 
of the clamping force of created by the MR clamping 
magnets;

• monitoring and automatic control of the DMR vec-
tor of the parameters of specified technological opera-
tions performed by the MR (cleaning, cutting, welding, 
inspection, etc.);

• monitoring and automatic control of the XYMR vec-
tor of the operating parameters of the technical equip-
ment of the MR propulsor;

• monitoring and automatic control of the XFМR vec-
tor of the operating parameters of the technical equip-
ment of the MR clamping device.

The functional structure of the MR as a multi-coor-
dinate control object is shown in Fig. 7. In the diagram, 
TE stands for the technical equipment of the MR, which 
is used for the implementation of specified technological 
operations; UТE is the vector of the signals of the MR TE 
control; UP is the vector of the signals of the MR propul-
sor control; UCD is the vector of the signals of the MR CD 
control; ZP, ZCD, ZTE, and ZMR indicate the vectors of the 

It contains electric motor 11 kinematically connected 
through gear unit 12 and shaftings 13 to the steel tool-
ing with cleaning brushes 14. Apart from that, additional 
clamping permanent magnets 15 are evenly placed on the 
entire lower surface of the triangular part of the frame.

The MR for the mechanical cleaning of a ship’s hull 
operates as follows. First, a cleaning mechanism (tooling 
with steel brushes) is set at 1.5 – 2 mm above the surface 
to preserve the primer and painted layers of the ship’s 
side. Then the mobile robot is installed on the ship’s hull 
in such a way that the main permanent magnets are ori-
ented through the gap δ along the ferromagnetic surface 
to provide the required clamping force. Afterwards, elec-
tric motor 11 is launched, and the cleaning procedure be-
gins. Thereat, brushes 14 rotate in different directions on 
the left and right sides of the triangular part of the frame. 
It allows balancing the torque (rotating) moments of the 
tooling and eliminates the mobile robot’s misalignment 
(tilting) at its movement and operation. 

Next, electric motors 4 are powered to rotate the driv-
ing wheels together with caterpillar tracks 3 through the 
gear units 5. Thus, the mobile robot starts moving along 
the surface of the ship’s hull and mechanically cleaning 
it from algae and other aquatic organisms. Cleaning can 
be performed both underwater and in a floating or dry 
dock. For effective underwater treatment, the shafts of 
the gears and motors are made watertight with composite 
ferromagnetic and gland sealing, and the robot is fitted 
with zero buoyancy tank 6.

The mobile robot moves automatically on the sur-
face of the ship’s hull in the direction specified by the 
program at a speed appropriate for the execution of a 
particular technological operation (in this case, cleaning 
of the ship’s hull). The speed of stripping can be con-
trolled by a human operator or a specialized computer 
system according to the quality of treatment of the op-
erating surface. Apart from that, two twin motors 4 
with gear units 5 operate autonomously, independently 
of each other, which allows the robot to make any turn 
from 0° to 360° or move backwards. When the robot 
is moving along a rough surface, permanent magnets 8 
secured with spherical hinges 7 deviate from the verti-
cal axis of the hinge within the gap δ, and thus set the 
holding force vector perpendicular to the surface of the 
ship’s hull. In this way, the uniform distribution of the 
maximum clamping force between the magnets and the 
ship’s surface is ensured along the entire operating plane 
of the magnets.

The use of separate holding magnets to create a 
clamping force and the installation of spherical hinge 
joints securing the magnets between the tracks on the un-
derside of the MR frame improve the reliability of adhe-
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Automatic control of the MR employs the same 
principles as those used with other equipment. At that, 
program systems with telecontrol have acquired the 
most widespread application. Another common option 
is advanced computer tools, including built-in control-
lers that simplify and significantly accelerate the control 
processes.

Further research should be conducted in the sphere 
of synthesis of functional structures and mathematical 
models, mechanical movement of MRs along vertical 
surfaces by means of different methods, intellectualiza-
tion of MRs through installation of appropriate sensors 
and establishment of feedback, development of special 
algorithms for scene analysis, accumulation of databas-
es on the external environment, and automatic decision 
making.

disturbing impacts acting on the MR propulsor, CD, TE, 
and main body, respectively.

Thus, the given mobile robot for vertical movement 
along inclined ferromagnetic surfaces is a complex multi-
coordinate control object, and its effective functioning 
necessitates a developed multi-coordinate monitoring 
and automatic control system. As can be seen from the 
functional structure of the MR, the system should consist 
of the following multi-coordinate subsystems:

1) propulsor monitoring and automatic control sub-
system;

2) CD monitoring and automatic control subsystem;
3) TE monitoring and automatic control subsystem.
   The effectiveness of the above subsystems is sub-

stantially enhanced by the application of intelligent tech-
nologies in the development of their functional struc-
tures, control algorithms and devices.

CONCLUSIONS. The paper present the analysis 
and formalization of the complex of tasks for monitor-
ing and automatic control of the MR capable of moving 
along large inclined and vertical ferromagnetic surfaces 
in order to perform various technological operations.

Analysis of the special features of most types of 
modern MRs capable of moving along inclined and ver-
tical surfaces renders the complex of problems related to 
the development and operation of the CDs, control of the 
drives, as well as different ways of their solution.

Magnetically operated CDs are most suitable for 
moving along ferromagnetic surfaces. They provide the 
MR with the highest speed and insensitivity to changes 
in the structure and temperature of the surface. Addition 
of permanent magnets to the CD improves the reliability 
of the robot in the event of a power system malfunction.

Fig. 7. Functional structure of the MR as a multi-coordinate con-
trol object
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Abstract. The influence of the structure of casting high-temperature nickel alloys on their 
crack resistance at welding has been studied. It has been shown that crack formation in the 
weld-adjacent zone is promoted by the presence of lamellar precipitates of the σ-phase, large 
colonies and eutectic films of the γ΄-phase, carbides, and topologically close-packed phases 
on the grain boundaries, as well as the heterogeneity of distribution of the liquating elements. 
Homogenization heat treatment of the base metal before welding provides the maximum level 
of crack resistance and heat resistance of the joints. It is established that the ratio of Тc.d.γ΄, 
Teut. and Ts has a great influence on the formation of a ductile metal layer in the weld-adjacent 
zone of the cast workpiece, which improves its crack resistance at surfacing and welding. To 
prevent crack formation during welding of alloys with Teut. (Ts) < Тc.d.γ΄, it is necessary to apply 
new filler alloys with a zirconium-containing eutectic phase.
Keywords: welding; homogenization; high-temperature alloy; alloy microstructure; crack 
resistance.
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of the cast working and nozzle blades in stationary gas 
turbine engines (GTE), which are made of high-chromi-
um complex-alloyed HNAs (see Table 1) of the brands  
EK9-VI, ChS70-VI, ChS104-VI, ChS88-VI, ChS88U-VI, 
initially and after a certain period of the engine’s op-
eration. As compared to the casting alloys for aircraft 
blades, the alloys under study are characterized with a 
combination of high-temperature corrosion resistance 
and heat resistance due to an increase in the concentra-
tion of chromium (to 15 – 21 %) and γ´-forming elements, 
particularly titanium (to 3.9 – 5.0 %, with the Ti/Al ratio 
of 1.0 – 1.8), niobium (up to 0.8 – 2.2 %), hafnium (up 
to 0.4 – 0.6 %), zirconium (up to 0.04 – 0.05 %), boron 
(up to 0.01 – 0.13 %), and yttrium (to 0.03 – 0.05 %), as 
well as reduction in the concentrations of tungsten and 
molybdenum to 6 % and 4 %, respectively [22]. In order 
to prevent the formation of topologically close-packed 
(TCP) phases, the total concentration of chromium, tung-
sten and molybdenum does not exceed 20 – 25 % in the 
alloys of this class [23].

Standard heat treatment (SHT) of cast blades made 
of the high-chromium HNA, which takes place in vac-
uum, includes homogenization (1170 °C, 3.5 hours), 
high-temperature aging (1050 °C, 4.5 hours), and low-
temperature aging (850 °C, 16 hours), with argon or air 
cooling after each type of annealing.

The optical microscope Neofot-21 was used to ex-
amine the structural state of metal blades of various 
dimensions, in areas of variable thickness, with techno-
logical surfacing (hardening of ends and sign holes), re-
pair surfacing (elimination of casting defects or surface 
wear), argon-arc surfacing along the airfoil butt, profile, 
and shrouds. The X-ray microanalyzer JCXA-733 Su-
perprobe was used to assess the chemical composition 
of the metal and phase precipitates. Surfacing (welding) 
of cast workpieces of the blades was performed immedi-
ately after homogenization heat treatment.

A systematic study of the final structure of cast work-
pieces and parts after SHT has been carried out in the pro-
duction conditions. It has revealed that the alloys under 
consideration have three types of structural heterogene-
ity at the grain boundaries (Fig. 1): large liquation glob-
ules (up to 1.0 – 5.0 μm), massive inclusions of irregular 
shape, and solid grain edging. The degree of heterogene-
ity, size and number of structural defects vary depend-
ing on the combination of alloying elements, change in 
the chemical composition of alloys within the technical 
conditions, and as a result of changes in the actual cool-
ing rates for workpieces of various dimensions after cast-
ing and homogenization. In the descending order of the 
number and size of structural defects in equiaxed blade 
castings, the alloys are arranged as follows: EK9-VI, 

Problem statement. In the production and repair 
of cast workpieces of gas turbine engine components 
made of high-chromium high-temperature nickel alloys 
(HNA), welding and surfacing are not implemented to a 
proper extent. This is due to the susceptibility of com-
plex-alloyed HNAs to hot crack formation [1]. The ex-
pansion of product range and the necessity to extend the 
engine’s service life call for the enhancement of exist-
ing technologies and materials, in particular, the HNA 
weldability [2]. This applies primarily to the processes 
of argon-arc welding with a non-consumable electrode 
and electron-beam welding, which presently feature ad-
vanced technological equipment, qualified personnel, 
and widespread use in gas turbine production.

Latest research and publication analysis. The ap-
pearance of hot cracks during welding of HNAs is largely 
determined by the initial structure and phase composition 
of the base metal, as well as the processes of its change 
in the welded joint and the weld-adjacent zone (WAZ). 
According to the mechanism proposed in [3], accelerated 
decomposition takes place in the WAZ at weld heating, 
as does melting below the solidus temperature of the al-
loy of the phases located at the grain boundaries. Under 
the impact of shrinkage stresses at solidification of the 
liquid phase along the boundaries of previously melted 
grains, there occur crack formation and high-temperature 
embrittlement of the WAZ metal during welding. This 
feature of most HNAs is caused by the manifestation of 
equilibrium and nonequilibrium grain-boundary segre-
gations [4].

Analysis of the data given in [7 – 9] shows that the 
composition and melting temperature of the low-melting 
phases at the grain boundaries contributing to crack for-
mation in the WAZ vary in different HNAs and are de-
termined by the composition of alloying elements. For 
instance, formation of the low-melting phase is affected 
by carbides and chromium borides in the Waspaloy and 
EP 202 alloys (1200 – 1260 °C) [10, 11] and by niobium 
carbides and the Laves phase in the IN 718, IN 625 and 
EK-61 alloys (1120 – 1200 °C) [11, 12]. In this regard, 
it can be assumed that the main reason for the hot crack 
formation in the WAZ during surfacing and welding of 
castings made of high-chromium HNAs is the liquation 
heterogeneity of the metal, which leads to the formation 
of low-melting phases along the grain boundaries.

THE ARTICLE AIM is to study the influence of the 
initial structure and phase composition of the cast work-
pieces and parts made of high-chromium HNAs on their 
susceptibility to the hot crack formation at weld heating.

Basic material. The paper considers formation of 
the structure and structural heterogeneity of the metal 
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According to the analysis of the ChS104-VI alloy, 
the concentration of chromium, tungsten and aluminum 
in the liquation globules is close to that in the matrix: 
19.0 – 21 %, 3.0 – 4.0 %, and 2.0 – 2.3 %, respectively.

The large globules contain boron as well. Together 
with carbon, it is retained in the liquid phase by strong 
carbide and boride-forming elements until the end of 
crystallization [10]. This is also a prerequisite for the for-
mation of carbon-boride eutectics in the composition of 
the large liquation globules based on the (γ + γ') eutectic 
which are located at the junction of several grains.

According to the analysis data, the grain edging of 
the alloys under study contains large rounded particles 
of chromium carbide of the М23C6 type rimmed with the 
γ'-phase, as well as alternating complex borides of the 
MxBy type (M standing for W, Cr, Mo, Ti, Nb). In the 
EK9-VI and ChS88-VI alloys, large irregular inclusions 
along the boundaries and in the body of grains are com-

ChS88-VI, ChS70-VI, and ChS104. In the EK9-VI and 
ChS88-VI alloys, where it is possible to eliminate de-
fects by means of welding, an average of 30 to 40 % of 
the length of the grain boundaries has a defective struc-
ture; liquation globules make up 12 – 14 %. Meanwhile, 
structural defects in the castings of the ChS104-VI and 
ChS70-VI alloys occupy an average of 15 to 25 % of the 
grain boundaries, and the share of globules is 4 %.

A study of the final structure of fragments of cast 
blades after SHT with the use of the X-ray microanalyzer 
JCXA-733 Superprobe has showed that the concentration 
of titanium and niobium is increased by 1.5 – 1.8 times 
in large liquation globules (as compared with the matrix 
metal), while the content of hafnium and zirconium is 
increased by 1.9 – 2.7 times. The concentration of chro-
mium, tungsten, and aluminum in eutectic globules is 
13 – 21 %, 2 – 4 %, and 2 – 3.5 %, respectively, and in-
creases with the increase of their content in the alloy.

Fig. 1. Metal microstructure in cast blades:
a — the ChS88U-VI alloy after standard heat treatment (×400); b — the EK9-VI alloy after standard heat treatment (×400); c — the 
ChS88U-VI alloy after operating as part of the engine for 21690 hours (×1000); d — the EK9-VI alloy after operating as part of the 
engine for 2837 hours (×400)
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mellar morphology (Fig. 1). The formation of structural 
defects is preceded by increase in the concentrations of 
the alloying elements prone to liquation, such as Nb, Ti, 
Hf, Si, Zr, Al, C, B, and Y in the intercrystalline volume. 
Weld heating is accompanied with fusion of the inter-
crystalline areas of the WAZ metal caused by decompo-
sition of the eutectic γ΄-phase colonies and eutectic reac-
tions of γNiCr – (Hf, Zr, B), γNiCr – (NbC, TiC, ZrC), 
γNiCr – (Ni,Co)16 (Ti,Cr)6 Si7 at the temperatures of 
1100 – 1190 °C [4 – 7]. As a result, at a combined impact 
of structural stresses and welding deformations, there 
occur displacement (rotation) of adjacent subgrains with 
fused boundaries (Fig. 2) and formation of microcracks.

Reduction of the negative impact of the chemical 
and structural heterogeneity on the HNA weldability is 
possible via heat treatment of the products before weld-
ing. At that, the heat treatment modes (conditions) are 
determined for each HNA individually, taking into ac-
count its chemical composition, structural state, method 
of production, metal thickness, and technological stage 
of manufacturing or temperature-time parameters of the 
products.

According to a study of the kinetics of isothermal 
decomposition of a supersaturated solid solution of the 
HNA, 20 to 50 % of the total amount of the γ΄-phase and 
the phases with lamellar morphology (η, λ, δ) can form 
a precipitate in the EK9-VI alloy within a few minutes 
of heating at the temperatures of 800 – 1050 °C after ho-
mogenization and quenching. The most intense prepre-
cipitation, accompanied by an increase in the relaxation 
stability, a decrease in ductility and crack resistance, oc-
curs in the temperature range of 800 – 950 °C [8 – 11].

In the casting alloys, the intensity of precipitation of 
the strengthening intermetallic phases during decompo-
sition of the supersaturated solid solution will achieve 

plex carbides of the MC type (with M indicating Ti, W, 
Nb, Cr, Mo).

The highest concentrations of niobium, chromium 
and molybdenum in the carbides of this type are found in 
the castings of the EK9-VI alloy. In the ChS88-VI alloy, 
the MC carbides contain hafnium and zirconium at the 
concentrations of niobium, chromium and especially mo-
lybdenum lower than those in EK9-VI. In the ChS104-VI 
alloy, there is no molybdenum in the large MC carbides. 
The obtained results comply with publication [10] and 
prove that the concentrations of chromium, molybdenum 
and tungsten in complex MC carbides sharply decrease 
at the HNA alloying with hafnium, niobium, titanium 
and zirconium.

At operation as part of the engine, high temperature 
and stresses lead to structural changes in the blade met-
al, namely, in the body and along the boundaries of the 
grains. They are associated with the ultimate decompo-
sition of the solid solution, oriented coagulation, partial 
dissolution of the γ'-phase, carbordide reactions, and for-
mation of excess phases. As a result, the structural and 
chemical heterogeneity of the blade metal increases, as 
do the number and size of the structural defects in the 
grain boundaries and bodies (Fig. 1, c – d). A special 
feature of the alloys under study (especially EK9-VI, 
ChS88-VI) is precipitation of the (NiCo)7 and (Mo, W)6 
σ-phase in the form of plates.

Thus, as evidenced by systematic microstructure 
studies and X-ray spectral analysis, the complex-alloyed 
high-chromium liquid nanostructures in the indicated 
aggregate states are characterized by the presence of 
structural defects at the grain boundaries in the form of 
large globules of the eutectic γ-phase and coarse-grained 
MC carbides, as well as solid grain edging of the Cr23C6 
carbide, γ΄-phase, and separation of the phase with la-

Fig. 2. Microstructure of the blade areas subject to argon-arc surfacing:
a — the ChS88-VI alloy subject to homogenization and quenching, surfacing with the EP533 wire (×200); b — the ChS104-VI alloy 
subject to homogenization, quenching, and aging, surfacing with the EP533 wire (×50); dashed line indicates the fusion boundary
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ues for some casting alloys. In the process of welding 
of these HNAs with the precipitated γ΄-phase of maxi-
mum dimensions, its dissolution in the WAZ after ag-
ing or overaging occurs only partially. At that, during the 
welding cycle, it is only possible to realize preprecipita-
tion of the finely dispersed γ΄-phase, which increases the 
relaxation stability of the base metal in the fusion zone. 
This peculiarity of the structure formation significantly 
increases the probability of occurrence and development 
of cracks in the WAZ at the final stage of crystallization 
of the weld metal upon cooling.

As the Тc.d.γ΄ is being reduced relative to Teut. and Ts 
and the difference ΔT = (Ts, Teut.) – Тc.d.γ΄ is increasing, the 
HNA welding begins to pose the prerequisites for the 
formation of a homogenized interlayer in the WAZ; it is 
more ductile than the base metal and contains completely 
or partially dissolved primary γ΄-phase. The presence of 
the ductile interlayer adjacent to the welded joint reduces 
the gradient of physical and mechanical parameters of 
the metal at the fusion boundary, promotes stress relax-
ation during welding, and increases the crack resistance 
of the welded joints. The formation of the ductile ho-
mogenized metal layer in the WAZ is greatly promoted 
by homogenization heat treatment of the base metal be-
fore welding.

High plasticity, deformability and relaxation ability 
of a metal based on the γNiCr solid solution provide for the 
formation of a fine-grained necklace-like structure in the 
intergranular volume of the WAZ as a result of the devel-
opment of dynamic recrystallization under the impact of 
internal and external stresses at the Тc.d.γ΄ temperature. At 

maximum predominantly at the grain boundaries and 
in the intercrystalline volumes. This increases the yield 
strength and relaxation stability of nickel alloys and re-
duces their ductility and deformability at the indicated 
temperatures [12, 13].

At heating during welding and especially during 
operation of the product, the intensity of diffusion and 
phase separation increases under the influence of thermal 
and structural stresses. At that, the TCP phases of lamel-
lar morphology mainly with Nb, Ti, Si, and Mo are sepa-
rated in the grain body and along the grain boundaries, 
and intergranular slipping is blocked, particularly at the 
presence of coarse-grained Cr23C6 inclusions and large 
globules of the γ + γ´ eutectics. This structure contributes 
to crack development in the low-temperature range of 
brittleness (Fig. 2, b).

The development of deformation and the resistance 
of casting alloys to crack formation at arc or electron-
beam heating are substantially affected by the ratio of the 
values of such HNA phase transformations as the tem-
perature of complete dissolution of the γ΄-phase (Тc.d.γ΄), 
the melting temperature of the globules of nonequilib-
rium phases of eutectic origin along the grain boundar-
ies (Teut.), and the solidus temperature (Ts). Nevertheless, 
their combined influence on the HNA crackability at 
welding has not been ever taken into account.

In advanced casting HNAs, due to the complex al-
loying of the matrix with refractory elements (W, Re, 
Ta, Nb, Hf), the Тc.d.γ΄ value reaches 1250 – 1270 °C or 
above [14]. The experimental and calculated data given 
in Table 1 indicate that it may exceed the Teut. and Ts val-

Table 1. Composition and properties of casting HNAs for the GTE blades

Alloy brand
Average brand concentration of basic components, % Phase transformation tempera-

ture, ºС
Cr Сo W+Mo Ti+Al Hf, Zr V, Nb C, B γ΄ Тc.d.γ΄ Ts (Teut.) Tm

VZhL12E 9.8 9.2 4.3 9.5 0.7Nb 
0.7V 0.12С 60 1250 1275 1325

ZhS26-VI 4.4 9.5 13 7 0.05Zr 1.7Nb 
0.9V 0.13С 65 1275 1280 1370

EK9-VI 19.5 5 6.8 6 - 1.7Nb 0.12С 
0.13В 40 1128 (1038*) 1350

ChS70-VI 16 10.8 7.3 7.4 0.05Zr 0.2Nb 0.09С 
0.02В 45 1194 1246* 1363

ChS88U-VI 15.6 10.8 7.3 7.9 0.5Hf 
0.05Zr 0.8Nb 0.07С 

0.08В 48 1204 (1131*) 1360

ChS104-VI 20.9 11.1 4.1 6 0.04Zr 0.2Nb 0.1С 
0.01В 38 1147 1266* 1370

Notes:
the alloys are based on nickel;
Тc.d.γ΄ is the temperature of complete dissolution of the γ'-phase;
Teut. is the temperature when the nonequilibrium phases of eutectic (peritectic) origin start to melt;
Ts is the melting start temperature;
Tm is the melting end temperature;
* marks the data obtained using the technique given in [19] for average brand concentrations of the alloying elements.
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overheating. These features contribute to the formation 
of a thicker ductile interlayer of the γNiCr solid solution 
in the WAZ when the parts that have undergone homog-
enization are being heated during welding. As a conse-
quence, ChS104-VI is more weldable than CS70-VI.

The second group comprises the EK9-VI and  
ChS88-VI alloys where Teut. < Тc.d.γ΄. The ΔT values are 
90 °C and 73 °C, respectively, at the average volume 
concentration of the γ'-phase being equal to 39.0 % and 
50 %. In comparison with ChS88U-VI, the EK9-VI alloy 
has a higher concentration of chromium, a lower com-
bined concentration of tungsten and molybdenum, and 
thus presumably lower weldability. This is proved by 
welding and surfacing of the parts made of this alloy.

In contrast to the ChS104-VI and ChS70-VI alloys, 
welding of the EK9-VI and ChS88-VI alloys requires a 
strict limitation of heat input, application of thin filler 
wires, and intensive cooling in order to suppress fusion 
of the intergranular areas of the base metal in the WAZ 
and crack formation under the impact of thermal defor-
mation cycles of welding.

Of those considered, the alloy ChS88-VI is the 
least weldable, since it is characterized with the highest  
γ'-phase concentration and Тc.d.γ΄. In addition, due to the 
fact that Teut. of this alloy is lower than Тc.d.γ΄, it is dif-
ficult to achieve the chemical liquation homogeneity and 
complete dissolution of the γ'-phase colonies of eutectic 
origin formed in the intergranular areas and the carbide 
inclusions during SHT.

 For the successful welding and surfacing of high-
temperature alloys with Teut. (Ts) < Тc.d.γ΄, the ChS104-VI 
alloy has been taken as a basis for development of a high-
chromium alloyed filler containing about 20 % low-melt-
ing (~1100 °C) complex-alloyed eutectic with zirconium 
[21, 24]. It is currently being introduced into production 
[17 – 18, 20 – 21]. The zirconium-containing eutectic pro-
motes its intergranular infiltration into the welded alloy 
to a depth ranging from 10 μm to 150 μm (Fig. 4) [20]. 
At that, the casting’s structural defects along the grain 
boundaries are eliminated in the fusion zone; coarsely 
dispersed carbides and large eutectic colonies (γ + γ') are 
dissolved and crushed. The melting point of the filler’s 
complex-alloyed zirconium eutectic (~1100 °C) is lower 
than that of the base metal, which ensures that the in-
tercrystalline areas of the fusion zone are supplied with 
the liquid phase from the welded joint at the final stage 
of the metal crystallization. This contributes to lowering 
of the level of residual stresses in the weld metal and the 
WAZ. Moreover, it improves the quality of welding and 
surfacing of repaired areas of the blades made of high-
chromium HNA to the level of the properties of the base 
metal [21, 24].

dynamic recrystallization, new, fine grains in the welded 
joint and the WAZ are primarily formed at the boundar-
ies of existing grains and at the interface of the γNiCr solid 
solution with the carbide and carbonitride phases. In the 
course of dynamic recrystallization, fine grains at the 
boundaries of the cast grains in the base metal (Fig. 3) 
indicate considerable deformability of the homogenized 
area of the base metal adjacent to the fusion zone.

As one can see from the microstructure shown in 
Fig. 3, a, as the temperature of heating of the WAZ metal 
increases towards the fusion boundary, the local dynamic 
recrystallization accompanied by the formation of fine 
grains that ensure the boundaries mobility is replaced 
with the collective dynamic recrystallization with the 
formation of coarse grains with low-mobility boundaries 
directly at the fusion boundary.

Therefore, it has been established that when high-
chromium casting HNAs are being heated during weld-
ing, an essential part of the primary γ΄-phase in the base 
metal transforms into a solid solution at the temperatures 
of 1130 – 1200 °C. 

Then, a necklace-type structure is formed in the WAZ 
according to the mechanism of dynamic recrystallization 
under the influence of welding deformations. The struc-
ture compensates for the difference in the ductility of the 
metal inside the grains and at the boundary zones of the 
cast alloy. The entire phenomenon ensures substantial 
deformability of the casting alloy without crack forma-
tion in the WAZ.

Assessment of the crackability of high-temperature 
alloys at welding and surfacing with regard to the Ts, Teut. 
and Тc.d.γ΄ ratio makes it possible to expand the possibili-
ties of successful application of repair fusion welding 
for casting alloys traditionally referred to as limitedly 
weldable [15, 16]. Moreover, it allows substantiating the 
development and application of new filler materials and 
repair technologies for gas turbine engine parts [17] with 
the use of welding heat sources.

According to their phase transformations, chemical 
composition (Table 1) and weldability, the high-chromi-
um casting alloys EK9-VI, ChS70-VI, ChS104-VI and 
ChS88-VI can be divided into two groups.

The alloys ChS70-VI and ChS104-VI belong to 
the first group. Their solidus temperature is higher than 
the temperature of complete dissolution of the γ'-phase 
(Ts > Тc.d.γ΄). The values of ΔT = Ts – Тc.d.γ΄ are 52 °С and 
119 °С, respectively, and the volume concentration of the 
γ'-phase is averagely 47 % and 38 %. It should be noted 
that, as compared to CS70-VI, the ChS104-VI alloy has 
a higher concentration of chromium, lower concentra-
tions of tungsten, molybdenum, titanium and aluminum, 
which reduces the stability of the γ'-phase precipitates to 
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due to the formation of a homogeneous interlayer in the 
WAZ.

3. With a decrease of Тc.d.γ΄ relative to Teut. or Ts in 
the high-temperature alloy, its weldability and crack re-
sistance is enhanced through the formation of a ductile 
austenized interlayer in the WAZ.

4. Welding and surfacing of high-temperature alloys 
with Teut. (Ts) < Тc.d.γ΄ is effective with the use of a high-
chromium high-temperature filler alloy with a zirconi-
um-containing eutectic phase.

CONCLUSIONS
1. Heterogeneous distribution of the liquating ele-

ments in high-chromium HNAs, the presence of large 
lamellar colonies and films of the eutectic γ΄-phase and 
carbides on the grain boundaries all contribute to crack 
formation in the WAZ during welding.

2. At argon-arc and electron-beam methods of heat-
ing of high-chromium HNAs, the maximum level of 
crack resistance of the joints is obtained under the condi-
tion of homogenization of the base metal before welding 

Fig. 4. Microstructure of welded joints:
a — the ChS88U-VI alloy subject to manual argon-arc welding with the SM104-CZr additive (×200); b — the ChS104-VI alloy sub-
ject to electron-beam welding with the SM104-CZr additive (×100); dashed line indicates the fusion boundary

Fig. 3. Metal microstructure in the ChS104-VI alloy fusion zone:
a — manual argon-arc welding, base metal (×500); b — electron-beam welding, weld metal (×400); dashed line indicates the fusion 
boundary
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Fig. 3. Metal microstructure in the ChS104-VI alloy fusion zone: 
a – manual argon-arc welding, base metal (×500); b – electron-beam welding, 

weld metal (×400); dashed line indicates the fusion boundary 
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Abstract. The paper considers some features of the application of pulse feeding of the elec-
trode wire with adjustable parameters. A new type of the electric drive for controlled pulse 
feeding is developed on the basis of a computerized valve electric drive. It is shown that 
equipment with pulse electrode feeding expands the possibilities of the arc welding process, 
reduces energy expenditure and allows saving material resources.
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Problem statement. It is commonly 
known that one of the problems of welding 
(surfacing) in general and in carbon dioxide 
in particular is a loss of the electrode metal 
on spattering while maintaining satisfac-
tory performance. An effective way to solve 
it is to use pulse process algorithms of the 
welding mode control provided by advanced 
power supplies. Currently, researchers have 
established and developed the general laws 
of the influence of individual parameters 
(such as frequency, step and shape of the cur-
rent pulse and the electrode wire feeding) on 
the transfer and the amount of the electrode 
metal when it is being spattered and the for-
mation of the weld bead.

There have been created mathematical 
models of the process of electrode wire feed-
ing through a long flexible guide channel. 
General technical requirements to the systems 

providing a mechanized welding process with 
the pulse electrode wire feeding are formu-
lated, as are the methods of constructive se-
lection and calculation of the pulse feeding 
mechanisms and appropriate electrodes. Us-
ing advanced equipment (inverters) and the 
research results, it was possible to achieve a 
sharp reduction of spattering by eliminating 
large droplets by the lack of the arc wander-
ing and decrease of fluctuations dropping 
the molten electrode wire [1, 2]. It was also 
established that the spattering level is practi-
cally independent of the arc voltage. Thus, the 
use of welding (surfacing) with a controlled 
short circuit has reduced the level of the metal 
loss on fumes and spattering by 3 – 4 times as 
compared to conventional welding technol-
ogy (surfacing) in carbon dioxide with the use 
of traditional sources of current and the roller 
mechanisms of constant wire feeding.
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for adjustment of the parameters of this mechanism to 
changing conditions.

The experimental-industrial test carried out with the 
use of this mechanism has revealed that the automatic 
arc welding with pulse wire feeding under certain condi-
tions reduces spattering by 2.0 – 2.5 times in comparison 
to constant wire feeding. Moreover, the virtual absence 
of molten metal droplets on the working surface let thus 
avoid the repeated mechanical treatment of finished 
parts. In addition, the use of pulse wire feeding allows 
reducing the 2.0 mm allowance for mechanical treat-
ment of the surface and increases the performance of 
the surfacing process to 15 – 20 %. According to the data 
provided by the Ilnitsky plant MSO, the economic effect 
from the introduction of automatic arc welding technol-
ogy with pulse wire feeding through using the MPWF 
was 20000 hryvnias per year on one post. 

The cost of electricity was determined with the help 
of the method described in [4]. The device developed 
in the E. O. Paton Electric Welding Institute was used 
for measurement (Fig. 3). This unit consists of power 
switch 1, power connector 2 (220 V, 50 Hz), measuring 

However, the development of pulse arc welding (sur-
facing) technology is currently limited by certain design 
deficiencies of common pulse wire feeding mechanisms. 
For example, some structural schemes provide a narrow 
range of change of the feeding step (0.5 – 3.0 mm), which 
is not sufficient. The periodicity of the step of the set 
value is difficult to achieve during a working process due 
to a large number of friction surfaces and their increased 
wear. This parameter, known as the duty cycle, is not ad-
justable on the many mechanisms and has the value of 
2 meander. Its regulation requires availability of costly 
components, such as cams, eccentrics, feed rollers, etc. 

BASIC MATERIAL
Taking the above considerations as a basis for fur-

ther improvement, the E. O. Paton Electric Welding In-
stitute has developed a mechanism of pulse wire feeding 
(MPWF) that is devoid of most of the given shortcom-
ings (Fig. 1) [3].

This device consists of the valve electric drive “Im-
puls-2 PM-80” and the electrode wire clamp mechanism 
“MP-3”. The mechanical part with the wire feeding 
motor can be installed on welding machines, robots, or 
semi-automatic welding machines (Fig. 2).

All the operations at a particular mode of welding 
(surfacing) are programmed using the menu on the dis-
play of the electric drive. This drive provides a maxi-
mum number of available ways of controlling the supply 
of welding wire. The operation can be both autonomous 
and driven. The autonomous mode allows for technical 
operations involving the advance set program (cyclo-
gram) and is characterized with a maximum noise immu-
nity, performance and accuracy of implementation. The 
driven mode involves minimal presence of the operator, 
or complete absence, so that its control is fully trans-
ferred to some external master device. This mode allows 

Fig. 1. Layout of the MPWF based on of the valve electric drive 
“Impuls-2 PM-80”
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the mathematical models were built on the basis of the 
graphs showing the electricity consumption according to 
the frequency and the pulse duty ratio of the electrode 
wire feeding. The analysis of these graphs indicated that 
electricity consumption is minimal in the low frequency 
range of 10.0 – 30.0 Hz and at the high index of the duty 
cycle (3.0 – 5.0 units). On average, the ratio of frequency 
to duty cycle in pulse wire feeding can reduce energy 
consumption up to 20 %.

CONCLUSIONS
1. There has been designed a mechanism of pulse 

wire feeding (MPWF) mostly devoid of many design 
flaws of similar modern devices. The MPWF allows real-
izing the welding process, both with the participation of 
the operator and without it. It may be controlled from any 
other control device. Versatility of the MPWF allows for 
its use on welding machines, robots or semi-automatic 
welding machines.

2. The electricity consumption and the metal loss to 
spattering have been studied at the use of the MPWF. The 
waste of metal reduces by 2.0 – 2.5 times, and the elec-
tricity consumption reduces by 20 %, which saves up to 
20000 hryvnias per year on one post at an industrial enter-
prise. The experiment has proved that minimal electric-
ity consumption is achieved for the technological modes 
where the frequency is in the range of 10.0 – 30.0 Hz and 
duty cycle of pulses is 3.0 – 5.0 units.

terminal to connect voltage sources and current-measur-
ing shunt 3, analog signal output terminal 7, indicator 4, 
buttons Menu, Next/Run, Previous/Select and Start/Stop 
labeled as 5, 6, 8, 9, correspondingly. The device was 
employed for the measurement of the process energy 
consumption at a constant and pulse wire feeding speed.

The measurement was followed by mathematical 
processing of the results with the use of the regression 
method via the technique described in [3]. As a result, 

Fig. 3. Appearance of the electricity consumption meter with in-
dication of controls and terminals
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Abstract. The promotion of hydrogen energetics into the transport sector is currently a prior-
ity in the development of the world economy. One of the efficient direction for modern ve-
hicles is the usage fuel cells and hydrogen for its powering. The obstacle along this way is the 
high cost of hydrogen and the difficulty of storing it on Vehicles' board. The article considers 
the possibility of the solar energy usage for efficient hydrogen production and metal-hydride 
technologies for its purification, compression and storage into the filling station and on a 
board.
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INTRODUCTION
At present time internal combustion en-

gines (ICE) are the most spread as main and 
auxiliary ICE for vehicles, vessels, power 
generation, etc. Their application is associ-
ated with low energy efficiency, negative 
impact on the environment due to high emis-
sions of harmful substances and the use of oil 
fuels. The vehicles with electric motors are 
alternative upon to existing ones.

There are two modern concepts of the 
electric vehicles: battery electric vehicles and 

electric vehicles with fuel cells. The main ad-
vantage of the battery electric vehicles is the 
developed infrastructure of power grids and 
charging stations, but the charging time is too 
prolonged (from 20 minutes in the fast charg-
ing mode and up to 8…10 hours. Unfortu-
nately the fast mode significantly reduces life 
cycle of the electric batteries.

One of the advanced alternatives is con-
cept of the fuel cell and hydrogen powered 
vehicles. It exist some problems which limit 
its wide implementation. There are the fol-
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the utility grid. Hydrogen from electrolyzer enters into 
hydrogen purifier and follows into metal-hydride com-
pressor. This device executes the functions of hydrogen 
compression up to super high pressure 150 MPa and pro-
vides final hydrogen purification up to 0.999.

Generated high pressure hydrogen may be stored in 
high pressure kevlar composite tanks as gas of in metal-
hydride slurry in special tanks as liquid.

High purity and super high pressure hydrogen enters 
into storage tank and further for fueling vehicles. Elec-
trolysis making up is supplying from appropriate tanks. 
Generated hydrogen enters to consumers after process-
ing into purifier and compressor. 

One of the important devices of the fueling station 
is photovoltaic panels. Efficiency of these panels from 
well-known producers is shown on Fig.2. This data anal-
ysis allows to recommend photovoltaic panels of middle 
efficiency. High efficient panels are too expensive and 
can be recommended for special usage only. General 
power of photovoltaic panels depends on hydrogen con-
sumption for fueling vehicles equipped with fuel cells. 
These fueling station can serves and vehicles with ICE 
hydrogen powered.

One of the important devices of the fueling station is 
metal-hydride compressor. Its operation bases on unique 
properties of special reversible hydride-forming inter-
metallic alloys like as LaNi5, LaNi4.5Al0.5, FeTi, TiCr2, 
TiCr1.1V0.9, TiCr1.1V0.45Nb0.45 and others [1].

Reversible reaction:

Msolid  + H2 gas  ↔ MHx solid  + Q heat.

For instant:
LaNi5 +3H2 ↔ LaNi5H6 + 14.4 MJ/kg H2;

Mg2Ni + 2H2 ↔ Mg2NiH4 + 31,9 MJ/kg H2;
TiFe + H2 ↔ TiFeH2 + 31,9 MJ/kg H2.

Energy efficiency of these alloys depends on temper-
ature range of hydrogen absorption/desorption, amount 
of absorbed hydrogen, thermodynamic properties, hys-
teresis etc. For instance, one of the most effective mate-
rial is MmNi4,5Al0,5 with desorption pressure of 3.87 MPa 
at 500 K, and mass hydrogen sorption capacity ratio of 
0.91 %. Its main properties, researched and developed by 
the authors, are shown in Fig. 3.

 Hydrogen absorption by these materials is accom-
panied with the release of the adsorption heat. Hydrogen 
desorption require heat input and pressure of hydrogen 
output depends on heat temperature. The adsorption/des-
orption heat amount is in the range of 8…15 MJ/kg H2 
for various hydride-forming materials [5]. Thermal effect 
of the hydrogen absorption/desorption process is uses in 
heat pumps, chillers, compressors, hydrogen. [6, 7, 8, 9]. 
But, unfortunately, these  equipment have discreet opera-
tion principal at present.

lowing: high cost of hydrogen production, insufficient 
amount of electricity production and transmission ca-
pacity of electric networks for mass charging of electric 
vehicles.

These problems can be solved by creation of the 
complexes for local hydrogen production by water elec-
trolysis on the base of photovoltaic panels, hydrogen pu-
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THE DIAGRAM AND DESIGN SOLUTION
The principal diagram of metal-hydride unit for hy-

drogen purification, compression and storage of continu-
ous operation is shown on Fig. 4.

The operation principal is the following. At the first 
stage hydrogen from electrolyzer enters into condenser 
where water steam is extracting from gaseous mixture. Next 
hydrogen enters into the second stage of fully purification in 
absorber and stripping devices. Hydrogen has reaction with 
hydride-forming alloy and is converting into slurry. Main 
base of slurry is pounder of hydride and inert silicon liquid.

    The principal disadvantages of discreet operation fa-
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exchangers, absorbers and desorbers, as the consequences 
of unstable pressures, temperatures and hydrogen flow 
transfer, huge masses and dimensions of the devices. Ther-
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unsatisfactory — less than 10 %. These disadvantages can 
be corrected by the usage of continuous operation metal-
hydride equipment. Continuity operation is achieved by 
metal-hydride slurry circulation between heat and mass 
transfer devices of the recovery heat facility [10].
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panels for electricity production with following hydrogen 

production by electrolysis. 
 
High purity and super high pressure hydrogen enters into 
storage tank and further for fueling vehicles. Electrolysis 
making up is supplying from appropriate tanks. Generated 
hydrogen enters to consumers after processing into purifier 
and compressor.  

One of the important devices of the fueling station is 
photovoltaic panels. Efficiency of these panels from well-
known producers is shown on Fig.2. This data analysis 
allows to recommend photovoltaic panels of middle 
efficiency. High efficient panels are too expensive and can 
be recommended for special usage only. General power of 
photovoltaic panels depends on hydrogen consumption for 
fueling vehicles equipped with fuel cells. These fueling 
station can serves and vehicles with ICE hydrogen powered. 
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etc. For instance, one of the most effective material is 
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and mass hydrogen sorption capacity ratio of 0.91%. Its 
main properties, researched and developed by the authors, 
are shown in Fig. 3. 
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From this unit slurry enters into compression unit 
continuous operation. There slurry with thermosorption 
in sorption/desorption process relist hydrogen. Hydrogen 
is extracting from slurry with super high pressure up to 
150 MPa. Then hydrogen enters into the storage tanks 
and fueling equipment.

THE SAFETY
An autonomous solar-hydrogen filling station on the 

base of metal-hydride slurry devices is the safest tech-
nology for operation with hydrogen. Hydrogen is exist-
ing as inert metal-hydride slurry and is not flammable 
and not explosive.

Ignition and burning of the gaseous hydrogen is not 
more danger compare with gasoline. Fig.5 illustrates ig-
nition and burning process in hydrogen and gasoline fu-
eled vehicles.

Hydrogen storage in super high pressure kevlar com-
posite tanks is more safe than standard metal tanks. Fig. 6 
illustrates the results of kevlar composite tank explosion. 

CONCLUSIONS
Autonomous hydrogen filling station based on pho-

tovoltaic and metal-hydride technologies for vehicles 
with fuel cells is one of the most effective economically 
and safe compare with other technologies of production, 
purification, compression, stoppage and fueling vehicles 
with fuel cells.

Fig. 4. The metal-hydride unit for hydrogen purification, compression and storage
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with the release of the adsorption heat. Hydrogen desorption 
require heat input and pressure of hydrogen output depends 
on heat temperature. The adsorption/desorption heat amount 
is in the range of 8…15 MJ/kgH2 for various hydride-
forming materials [5]. Thermal effect of the hydrogen 
absorption/desorption process is uses in heat pumps, chillers, 
compressors, hydrogen. [6,7,8,9]. But, unfortunately, these  
equipment have discreet operation principal at present. 

    The principal disadvantages of discreet operation facilities 
are the following: huge heat losses in heat and mass 
exchangers, absorbers and desorbers, as the consequences of 
unstable pressures, temperatures and hydrogen flow transfer, 
huge masses and dimensions of the devices. Thermodynamic 
efficiency of the discreet operation devices is unsatisfactory 
- less than 10%. These disadvantages can be corrected by the 
usage of continuous operation metal-hydride equipment. 
Continuity operation is achieved by metal-hydride slurry 
circulation between heat and mass transfer devices of the 
recovery heat facility [10]. 

III. THE DIAGRAM AND DESIGN SOLUTION 
The principal diagram of metal-hydride unit for hydrogen 
purification, compression and storage of continuous 
operation is shown on Fig. 4. 
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compere with gasoline.  

 
Hydrogen storage in super high pressure kevlar composite 
tanks is more safe than standard metal tanks. Fig. 6 
illustrates the results of kevlar composite tank explosion.  
 

  
Fig6. Results of kevlar composite tank explosion. 

 
 
 
CONCLUSIONS 
Autonomous hydrogen filling station based on photovoltaic 
and metal-hydride technologies for vehicles with fuel cells is 
one of the most effective economically and safe compare 
with other technologies of production, purification, 
compression, stoppage and fueling vehicles with fuel cells. 
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Abstract. When designing an underwater towed system (UTS) and selecting possible modes 
of its movement, of great importance is calculation of the parameters of the towed system 
(TS) movement at carrier vessel maneuvering. This is caused by the fact that the TS changes 
its running depth when the vessel moves with an alternating speed, which leads to the ap-
pearance of a considerable number of dynamic components of the tether tension and unstable 
modes of the TS movement. One of such complex vessel maneuvers is the circulation mode. 
At circulation, the tension and running depth of the TS may significantly differ from those 
corresponding to the movement with the same speed at straight course. The article considers 
non-stationary movement of a marine tethered system (MTS) with flexible connection (FC) 
illustrated by a UTS. The circulation mode of the UTS with FC is shown as an example of 
calculation on the basis of the computer model of the dynamics of the MTS with FC.

Keywords: marine tethered system (MTS); flexible connection (FC); underwater towed sys-
tem (UTS); spatial non-stationary movement; mode of movement; circulation.

Аннотация. Рассмотрен пример нестационарного движения морской привязной систе-
мы (МПС), имеющей в своём составе гибкую связь (ГС), на примере ПБС. В качестве 
расчёта приведен режим циркуляции ПБС с ГС на основе созданной компьютерной 
модели динамики МПС с ГС.
Ключевые слова: морская привязная система (МПС); гибкая связь (ГС); подводная 
буксируемая система (ПБС); пространственное нестационарное движение; режим 
движения; циркуляция.

Анотація. Розглянуто нестаціонарний рух морської прив’язної системи (МПС), що 
має у своєму складі гнучкий зв’язок (ГЗ), на прикладі підводної буксированої систе-
ми (ПБС). Як розрахунок наведено режим циркуляції ПБС із ГЗ на основі створеної 
комп’ютерної моделі динаміки МПС із ГЗ.
Ключові слова: морська прив’язна система (МПС); гнучкий зв’язок (ГЗ); підводна 
буксирована система (ПБС); просторовий нестаціонарний рух; режим руху; 
циркуляція.

References

[1] Belotserkovskiy S. М., Skripach B. K. Aerodinamicheskiye proizvodnyye letatelnogo 
apparata i kryla pri dozvukovykh skorostyakh [Aerodynamic derivatives of an aircraft and 
wings at subsonic speeds]. Moscow, Nauka Publ., 1975. 412 p.
[2] Blinov E. I., Kravtsov V. I., Kravtsov А. V., Nedbaylo А. N. Upravleniye gibkimi protya-
zhennymi obyektami napravlennymi silovymi vozdeysnviyami [Control of flexible prolonged 
objects with directed force impacts]. AAEKS. Sovremennye tekhnicheskiye sredstva, kom-
pleksy i sistemy — Automatics. Automation. Electrotechnical complexes and systems. Ad-
vanced technical means, complexes and systems, 2003, no. 1 (11), pp. 43 – 48.
[3] Veshtorg V. E., Мitrofanov V. P., Shemetova N. М. Оsobennosti upravlyayemosti pla-
vuchego dobyvayushchego kompleksa [Controllability characteristic properties of the floating 
produce complex]. Problemy gidrodinamiki v osvoyenii okeana: Materialy III resp. konf. po 
prikladnoy gidromekhanike. Ch. II [Proceedings of the 3d Republic-wide Conference on Ap-
plied Hydromechanics “Problems of hydrodynamics in the development of the ocean”]. Kiev, 
1984, part 2, pp. 110 – 111.

Kostiantyn S. 
Trunin

Трунин 
Константин 
Станиславович



ИССлЕДОвАНИЯ И РАзРАБОТКИ

№2 (8) 2017smi.nuos.edu.ua    smi@nuos.edu.ua

104

[4] Devnin S. I. Aerogidromekhanika plokhoobtekayemykh konstruktsiy [Aerohydromechanics of high-drag struc-
tures]. Leningrad, Sudostroyeniyе Publ., 1983. 320 p.
[5] Shamarin Yu. Е., Poddubnyy V. I., Bogatov L. I., Sidorskiy S. V., Маkаrenkо A. I. Dinamika podvodnykh 
okeanograficheskikh sistem [Dynamics of underwater oceanographic systems]. Кyiv, 2001. 228 p.
[6] Poddubnyi V. I., Shamarin Yu. Е., Chernenko D. А., Astakhov L. S. Dinamika podvodnykh buksiruyemikh system 
[Dynamics of underwater towed systems]. Saint Petersburg, Sudostroyeniye Publ., 1995. 200 p.
[7] Ikonnikov I. B., Gavrilov V. М., Puzyrev G. V. Podvodnyye buksiruyemyye sistemy i bui neytralnoy plavuchesti 
[Underwater towed systems and buoys of neutral buoyancy]. Saint Petersburg, Sudostroyeniye Publ., 1992. 224 p.
[8] Ikonnikov I. B. Dinamika buksiruyemykh аpparatov pri dvizhenii buksirovshchika po vzvolnovannomu moryu 
[Dynamics of towed vehicles at the towing boat’s movement in an agitated sea]. Tezisy dokladov Vsesoyuznoy konf. 
“Tekhnicheskiye sredstva izucheniya i osvoeniya okeana” [Proceedings of the All-Union Conference “Technical 
means of studying and developing the ocean”]. Sevastopol, 1981, pp. 43 – 44.
[9] Kаlyukh Yu. I., Saltanov N. V., Gorban V. А. Меtod faktorizatsii pri raschete nestatsionarnykh rezhimov dvi-
zheniya buksiruyemykh sistem [The method of factorization in the calculation of non-stationary modes of movement 
of towed systems]. Gidromеkhanika — Journal of Hydrodynamics, 1988, no. 57, pp. 19 – 25.
[10] Кuvshinov G. Е. Upravleniye glubinoy pogruzheniya buksiruyemykh оbyektov [Controlling the depth of immer-
sion of towed objects]. Vladivostok, Izdatelstvо Dalnevostochnogo Instituta Publ., 1987. 146 p.
[11] Isanin N. N. Mоrskoy entsiklopedicheskiy slovar [Marine encyclopedical dictionary]. Leningrad, Sudostroyeniyе 
Publ. 520 p.
[12] Pаntov Ye. N., Маkhin N. N., Sheremetov B. B. Оsnovy teorii dvizheniya podvodnykh apparatov [Fundamentals 
of the theory of movement of underwater vehicles]. Leningrad, Sudostroyeniyе Publ., 1973. 216 p.
[13] Vinogradov N. I., Gutman M. L., Lev I. G., Nisevich M. Z. Privyaznyye podvodnyye sistemy. Prikladnyye za-
dachi statiki i dinamiki [Tethered underwater systems. Applied problems of statics and dynamics]. Saint Petersburg, 
Izdatelstvo Sankt-Peterburgskogo universiteta Publ., 2000. 324 p.
[14] Sаvin G. L., Gоroshkо О. А. Dinamika niti peremennoy dliny [Dynamics of a thread of a variable length]. Kyiv, 
Naukova dumka Publ., 1962. 332 p.
[15] Sаltanov N. V. Gibkiye niti v potokakh [Flexible threads in flows]. Kyiv, Naukova dumka Publ., 1974. 140 p.
[16] Shamarin Yu. E., Bеvzenkо V. А., Poddubnyy V. I. Voprosy proektirovaniya buksiruyemykh sistem [Issues of the 
design of towed systems]. TsNII “Rumb” Publ., 1988. 82 p.
[17]  Тrunin К. S. Matematicheskaya model morskoy privyaznoy sistemy s gibkoy svyazyu [Mathematical model of a 
marine tethered system with flexible connection]. Innovatsii v sudnobuduvanni ta okeanotekhnitsi: materialy VI Miz-
hnarodnoi naukovo-tekhnichnoi konferentsii [Proceedings of the 5th International Scientific and Technical Conference 
“Innovations in Shipbuilding and Ocean Engineering”]. Mykolaiv, 2014, pp. 386 – 388.
[18] Тrunin K. S. Matematicheskaya model gibkoy svyazi v sostave morskoy privyaznoy sistemy [Mathematical model 
of the flexible connection within a marine tethered system]. Innovatsii v sudnobuduvanni ta okeanotekhnitsi: mate-
rialy VI Mizhnarodnoi naukovo-tekhnichnoi konferentsii [Proceedings of the 6th International Scientific and Technical 
Conference “Іnnovations in Shipbuilding and Ocean Engineering”]. Mykolaiv, 2015, pp. 300 – 304.
[19] Тrunin K. S. Algoritm modelirovaniya dinamiki morskoy privyaznoy sistemy s gibkoy svyazy [Algorithm of mod-
eling of the dynamics of a marine tethered system with flexible connection]. Materialy vseukrainskoi naukovo-tekh-
nichnoi konferentsii z mizhnarodnoiu uchastiu “Pidvodna tekhnika i tekhnologiia” [Proceedings of the All-Ukrainian 
Scientific and Technical Conference with International Participation “Underwater Equipment and Technology”]. 
Mykolaiv, 2014, part 1, pp. 36 – 42.
[20] Тrunin K. S. Kompyuternaya model dinamiki morskoy privyaznoy sistemy s gibkoy svyazyu [Сomputer model of 
the dynamics of a marine tethered system with flexible connection]. Innovatsii v sudnobuduvanni ta okeanotekhnitsi: 
materialy VII Mizhnarodnoi naukovo-tekhnichnoi konferentsii [Proceedings of the 7th International Scientific and 
Technical Conference “Innovations in Shipbuilding and Ocean Engineering”.]. Mykolaiv, 2016, pp. 296 – 298.
[21] Тrunin K. S. Тestirovanie kоmpyuternoy programmy modeli dinamiki morskoy privyaznoy sistemy s gibkoy 
svyazyu [Testing of the computer program of the model for the dynamics of a marine tethered system with flexible 
connections]. Innovatsii v sudnobuduvanni ta okeanotekhnitsi: materialy VII Mizhnarodnoi naukovo-tekhnichnoi kon-
ferentsii [Proceedings of the 7th International Scientific and Technical Conference “Іnnovations in Shipbuilding and 
Ocean Engineering”]. Mykolaiv, 2016. pp. 298 – 303. 
[22] Тrunin К. S. Моdelirovaniyе prostranstvennogо dvizheniya morskoy privyaznoy sistemy [Modeling of spatial 
movement of a marine tethered system]. Pidvodna tekhnika i tekhnolohiia, PTT-2016: Materialy VI Vseukrainskoi 
naukovo-tekhnichnoi konferentsii z mizhnarodnoiu uchastiu: v 2 ch. [Proceedings of the 6th All-Ukrainian Scientific 
and Technical Conference with International Participation “Underwater Engineering and Technology 2016”, in two 
parts]. Mykolaiv, 2016, part 1, pp. 47 – 55.
[23] Choo Y. C, Casarella M. J. Configuration of a towline attached to a vehicle moving in a circular path. Hydronau-
tics, 1972, Vol. 6, no. 6, рp. 51-58.
[24] Tűrkiye ve NATO Űlkeleri. Savunma ve havacilik, 1994, no. 5, pp. 64-70.



ИССлЕДОвАНИЯ И РАзРАБОТКИ

№2 (8) 2017 smi.nuos.edu.ua    smi@nuos.edu.ua

105

At present, calculation of the dynamic parameters be-
come included to the practice of designing the TS, which 
provides the developer with more insight into the modes 
of vessel movement required for the effective operation 
of the equipment.

There has been performed a calculation of the move-
ment parameters of the system “tether – spherical TV” 
at an instantaneous change in the vessel’s speed. It has 
shown that the tether tension increases sharply at the 
initial moment of movement with positive acceleration; 
then it decreases to the tension appropriate for towing at 
a newly acquired speed [6, p. 153]. The running depth 
of the TV is gradually reduced, and after a few minutes, 
the TV arrives at an equilibrium position equivalent to 
the new towing speed. As follows from the experimental 
data [6], nonstationary modes of the TV with a complex 
carrying surface can substantially differ from those de-
scribed above by significant angular oscillations of the 
TV, which in turn lead to the TV depth oscillations along 
the trajectory, which is characteristic for a TV without a 
complex carrying surface. The vehicle is characterized 
with stability in the flow with respect to small distur-
bances and loses it when the amplitude of disturbances 
increases.

As noted by Yu. E. Shamarin and his coauthors 
[5, p. 12], in practice, there is only one possible approach 
to the solution of the problems of nonlinear dynamics of 
the UOS. It is a semiempirical account of the influence 
of the surrounding liquid [4; 6; 14; 15; 8], which is taken 
to be equivalent to the impact of external loads corre-
sponding to the inertial, viscous and wave properties of 
the liquid.

To construct an optimal model that allows for an 
effective analysis of virtually all real-life modes of the 
UOS, it is advisable to simulate the tether elements by 
means of discrete thread approximation [6]. Such mod-
els were used in the studies performed by J. Dalamber 
and D. Bernoulli. This approach is quite effective; even 
D. W. Rayleigh noted that even an incredible assumption 
that a string oscillates as two rectilinear segments gave a 
period with an error of less than 10 % [6].

The thread approximation provides a great physi-
cal illustration, which allows in each specific case to be 
limited to the baseline number of discrete elements that 
approximate the thread. Thus, the problem can be solved 
with the required degree of accuracy. The solution to the 
problem of studying nonlinear dynamics of a towed sys-
tem during the operation of the winch accommodating 
the tether has been reduced to the numerical integration 
of the system of N ordinary nonlinear differential equa-
tions [5, p. 130]. A special feature of this technique is 
a variable number of rods that approximate the part of 

Problem statement. TAs stated in the paper by 
Yu. E. Shamarin et al. [5, p. 5], the problems of study-
ing nonlinear dynamics of underwater oceanographic 
systems (UOS) belong to the most complex problems in 
the mechanics of continual systems. In this case, sub-
stantial difficulties arise in the construction of math-
ematical models. Cable systems are approximated in the 
range from a rigid rod or spring to a system of twisted 
wires [6; 14]. Carriers of equipment are compared to 
miniature aircrafts, dynamics (ballistics) of which is an 
independent branch of mechanics [1]. It is believed that 
the UOS should be modeled in its entirety, taking into 
account the mutual influence of all constituents, as well 
as nonlinear interaction of various types of oscillations, 
mechanisms of their agitation [6], and influence of the 
liquid [4; 12; 15].

Of the variety of possible models, one should choose 
those that can reliably simulate all the significant pro-
cesses taking place during the UOS launch and opera-
tion. At the same time, they should be fit for effective ap-
plication with the capabilities of modern computers [5].

Until now, these studies have not been developed 
due to the lack of reliable mathematical models that are 
implemented quite simply and effectively in the form of 
algorithms and programs for the numerical solution of the 
problems under consideration. According to E. I. Blinov 
and his coauthors [2], description of the influence of 
hydro-meteo conditions requires an adequate spatial and 
temporal mathematical model of the wave, wind and cur-
rent variation. This model should allow real external con-
ditions to be reproduced in both short (seconds, minutes) 
and long (up to a year) time intervals, taking into account 
the probabilistic nature and other basic characteristics of 
the hydro-meteo conditions. The researchers proposed 
a description of the numerical method for solving the 
problem of control of a flexible spatially curved object 
with directed force impacts. The existing mathematical 
model of the FC behavior makes it possible to establish 
its supposed shape, which will allow for determining its 
stress-strain state.

Latest research and publication analysis
When a vessel moves at an alternating speed, the 

towed system changes its running depth, which leads to 
the appearance of a significant number of dynamic com-
ponents of the tether tension and unstable modes of move-
ment of the towed vehicle (TV). Since towing at a constant 
speed is regarded as normal operating conditions for most 
systems, and accelerated movement is a transition from 
one fixed speed to another, it is very important to know 
the duration of the transient process associated with the 
change in the running depth of the TV, particularly, the 
long-length equipment carrier — LEC [6, p. 153].
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THE ARTICLE AIM is to consider nonstationary 
movement of the MTS with FC on the example of the 
CV circulation and verify the adequacy of the obtained 
computer model of the dynamics of the MTS FC on prac-
tical examples, which would enable obtaining the MTS 
characteristics necessary for designing the MTS with FC 
and testing its operation at maneuvering (illustrated by 
the UOS circulation).

Basic material. Circulation is one of the basic ma-
neuvers of the CV associated with movement to the 
given area. Steady circulation can be employed as the 
main mode of operation of search equipment [6, p. 87]. 
The presence of a TS at the stern of a vessel can affect 
its controllability, which is usually characterized by the 
vessel behavior on steady circulation [5]. At circulation, 
the tension and running depth of the TS may significantly 
differ from those corresponding to the movement with 
the same speed at straight course. Therefore, it is im-
portant to calculate parameters of the TS equilibrium at 
steady circulation during the TS design or the selection 
of possible modes of movement.

When designing a UTS, of great importance is cal-
culation of the parameters of the TS movement at ves-
sel maneuvering. This is caused by the fact that the TS 
changes its running depth when the vessel moves with 
an alternating speed, which leads to the appearance of 
a considerable number of dynamic components of the 
tether tension and unstable modes of the TS movement. 
One of such complex vessel maneuvers is the circulation 
mode. Vessel circulation is defined as the trajectory of 
the center of gravity of the vessel that was previously 
heading straight resulting from the rudder shifting to 
some constant angle, and the vessel’s movement along 
this trajectory [11, p. 407]. As a rule, vessel circulation 
is divided into three stages: maneuvering, which implies 
a rudder shift (when the rudder is deflected on board, 
this stage lasts for 10 – 15 seconds); evolution, which 
is a change of the vessel’s coordinate parameters (drift 
angle, angular velocity, linear velocity), ending after the 
vessel’s course angle is changed by 90°; steady circu-
lation, during which the coordinate parameters remain 
unchanged. The trajectory thus has the form of a regular 
circle with the diameter D.

Fig. 1 shows a circulating trawler [24]. Let us con-
sider the spatial nonstationary movement of an MTS 
consisting of a CV, FC, and an underwater vehicle (UV), 
which was simulated using a computer program based 
on the developed mathematical model [17; 18] and the 
algorithm [19]. The calculation is basically testing of the 
computer program of the model of dynamics of the MTS 
with FC [20; 21]. In all cases, the UV weight was set 
to 150 kg, its buoyancy was considered neutral, and the 

the towed system that is in the water. The flexible long-
length towed antenna (FLTA) of neutral buoyancy is ap-
proximated in the calculation by a constant number of 
rods. 

The movement of towed systems at vessel maneuvers 
has been studied by V. I. Poddubnyi, Yu. Е. Shamarin, 
D. А. Chernenko, and L. S.  Astakhov [6, p. 159 – 168]. 
As the authors note, an alternating speed of the vessel 
movement makes the TS change its running depth, which 
leads to the appearance of a significant number of dynam-
ic components of the tether tension and unstable modes 
of movement of the TV. They also note that calculation 
of the dynamic parameters become included to the prac-
tice of designing the TS, which provides the developer 
with more insight into the modes of vessel movement 
required for the effective operation of the equipment.

There has been performed a calculation of the move-
ment parameters of the system “tether – spherical TV” 
at an instantaneous change in the vessel’s speed. It has 
shown that the tether tension increases sharply at the 
initial moment of movement with positive acceleration; 
then it decreases to the tension appropriate for towing at 
a newly acquired speed [6, p. 159 – 168]. The running 
depth of the TV is gradually reduced, and after a few 
minutes, the TS arrives at an equilibrium position equiv-
alent to the new towing speed.

The results of calculation of the movement param-
eters of the TS with a LEC about 750 m long (flexible 
tether (FT) 500 m long, V = 3 m/s, R0 ≈ LTS) [6] at the 
initial moment of the transition from a straight course to 
circulation show that the LEC reacts to the vessel ma-
neuver with a prominent delay, for some time moving 
straight even at the maneuvering of the towing carrier 
vessel. Then the LEC acquires the shape of an element of 
the spiral that is directed inside the trajectory of the car-
rier vessel’s movement. In this case, after WT /LTS ~ 0.8, 
there is practically no TS displacement in the moving co-
ordinate system. In other words, the transition ends here, 
and the TS moves in the steady circulation mode. The 
calculation has showed that the time it takes the TS to 
change the mode is determined by the TS length. To es-
timate the time of the TS transition to steady circulation, 
one should use a time interval required for the vessel to 
cover the distance equal to the TS length. As follows 
from the experimental data [6], nonstationary modes of 
the TV with a complex carrying surface can substantially 
differ from those described above by significant angular 
oscillations of the TV, which in turn lead to the TV depth 
oscillations along the trajectory, which is characteristic 
for a TV without a complex carrying surface [6].

The issues of the marine tethered system dynamics 
have also been considered in [2; 7; 9; 10; 12; 13; 16].
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connecting the CV and the UV during the CV movement 
projected onto the X0Y and X0Z planes. 

Fig. 4 shows the change in the force of the FC tension 
affecting the CV and the UV, respectively, with a green 
and purple line. 

hydrodynamic resistance coefficient was equal to 1 [22]. 
The initial length of the FC was set equal to 100 m, its 
diameter equal to 14 mm. Taking into account the condi-
tion of neutral buoyancy of the FC, its bulk weight was 
set equal to 0.15386 kg/m. The FC was considered elas-
tic; the Young’s modulus of its material was set equal to 
9.55·108 Pa. The FC was divided into 20 elements. The 
normal coefficient of resistance of each FC element was 
assumed to be 1.8, and the tangential coefficient was tak-
en to be 0.025. The coordinates of the initial position of 
the UV with respect to the CV were set on the basis of the 
assumption that the length of the FC having a rectilinear 
shape would be 100 m. Then, according to a specially de-
veloped algorithm, the UV was moved to a given point of 
space by means of the FC movement modeling. In such 
a way, the initial shape of the FC for the MTS movement 
modeling was determined instead of being defined artifi-
cially. Simplification of the process of modeling and vi-
sualization of the results obtained were achieved through 
the use of the principle of “impact inversion”: the ele-
ments of the system were assumed stable, and the water 
flow ran up at them with a speed equal to the velocity of 
the CV and opposite in direction.

Let us consider several options of the CV circulation 
with a UTS, for example, when there is an unexpected 
threat in the CV course, the course is changed, or the sea 
bottom is to be studied in a confined water area.

Option 1. The CV moves along a straight line in the 
direction of the X axis at the speed of 1 m/s (Fig. 2). 

The non-self-propelled UV at the initial moment of 
time t = 0 is at the point A with the following coordinates: 
X = 70.7 m, Y = 50 m, Z = 50 m. For 95 seconds, the UV 
moves via a special algorithm to the starting point B with 
the coordinates X = 0, Y = 50 m, Z = 50 m. After that, the 
UV starts to follow the CV before reaching the steady 
state. Fig. 3 shows the change in the shape of the FC 

Fig. 3. Change in the shape of the FC connecting the CV and the UV during the CV movement projected onto the X0Y and X0Z 
planes

Fig. 2. Pattern of movement of a CV with a TUS

Fig. 1. Circulation of the trawler M645

 12
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Fig. 1. Circulation of the trawler 

M645 

 

Let us consider the spatial nonstationary movement of an MTS consisting of a 

CV, FC, and an underwater vehicle (UV), which was simulated using a computer 

program based on the developed mathematical model [17; 18] and the algorithm [19]. 

The calculation is basically testing of the computer program of the model of dynamics 

of the MTS with FC [20; 21]. In all cases, the UV weight was set to 150 kg, its 

buoyancy was considered neutral, and the hydrodynamic resistance coefficient was 

equal to 1 [22]. The initial length of the FC was set equal to 100 m, its diameter equal 

to 14 mm. Taking into account the condition of neutral buoyancy of the FC, its bulk 

weight was set equal to 0.15386 kg/m. The FC was considered elastic; the Young’s 

modulus of its material was set equal to 9.55·108 Pa. The FC was divided into 20 

elements. The normal coefficient of resistance of each FC element was assumed to be 

1.8, and the tangential coefficient was taken to be 0.025. The coordinates of the initial 

position of the UV with respect to the CV were set on the basis of the assumption that 

the length of the FC having a rectilinear shape would be 100 m. Then, according to a 

specially developed algorithm, the UV was moved to a given point of space by means 

of the FC movement modeling. In such a way, the initial shape of the FC for the MTS 

movement modeling was determined instead of being defined artificially. 

Simplification of the process of modeling and visualization of the results obtained 

were achieved through the use of the principle of “impact inversion”: the elements of 

the system were assumed stable, and the water flow ran up at them with a speed equal 

to the velocity of the CV and opposite in direction. 
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The evolution of the tethered system is completed in 
300 seconds with its transition to a steady state. After-
wards, the shape of the FC and the forces acting on the 
CV and the UV do not change.

Option 2. The CV is static, and the UV moves around 
it along a circle with the radius of 50 m at the speed of 

0.5 m/s at the depth of 50 m, running on its own engine 
(Fig. 5).

Fig. 6 depicts the change in the shape of the FC con-
necting the CV and the UV during the UV movement 
projected onto the X0Y and X0Z planes. The FC lines are 
indicated by the moments of time at which the FC ac-
quires this shape. 

The change in the force of the FC tension acting on 
the CV and the UV is shown in Fig. 7, respectively, with 
a green and purple line. In the same figure, the red line 
references the power of the UV engine at different mo-
ments of time. Dividing this power by the engine effi-
ciency of the PA, one can determine its total power.

After transition from point B (Fig. 2), the FC tension 
and the propulsor power switch to the mode of steady 
oscillations of a relatively small amplitude caused by 
the run of transverse and longitudinal waves in the FC 
(Fig. 7).

Option 3. The CV moves along the X axis at the 
speed of 0.5 m/s, and the UV moves around it along 
a circle with the radius of 50 m at the same speed and the 
depth of 50 m using its own engine (Fig. 8).

Fig. 9 depicts the change in the shape of the FC con-
necting the CV and the UV during the UV movement 
projected onto the X0Y and X0Z planes. The FC lines are 
indicated by the moments of time at which the FC ac-
quires the corresponding shape.

In the absolute coordinate system, the UV moves 
along a complex loop-like trajectory, so the shape of the 
FC continuously changes. The change in the force of the 
FC tension acting on the CV and UV also changes sig-
nificantly, as shown in Fig. 10, respectively, with green 
and purple lines. 

The red line shows the power of the UV engine at 
different moments of time. Dividing this power by the 

Fig. 6. Change in the shape of the FC connecting the CV and the UV during the UV movement projected onto the X0Y and X0Z 
planes

Fig. 5. Scheme of the UV movement around the CV along a 
circle

Fig. 4. Change in the force of the FC tension affecting the CV 
and the UV
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Reduction of the UV circulation speed significantly 
decreases the demand power of the UV propulsor and the 
force of the FC tension.

engine efficiency, one can determine its total power. Af-
ter transition from point B (Fig. 2), the FC tension and 
the propulsor power switch to the mode of steady oscilla-
tions of a large amplitude (compared to Option 2) caused 
by the run of transverse and longitudinal waves in the 
FC, as well as the change of the UV movement direction 
in relation to the CV movement direction (Fig. 10).

Option 3 was taken as a basis for evaluation of the 
influence of the number of the FC elements on the error 
in the MTS movement modeling (Fig. 11). 

For this purpose, the number of the FC elements was 
increased from 20 to 30, and the modeling results were 
compared. They indicate that the shape of the FC remains 
practically unchanged. The difference between the forces 
of the FC tension and the propulsor power does not ex-
ceed 3 % (Fig. 12).

Option 4 differs from Option 3 by the CV speed. 
Here, it moves along the X axis at the speed of 0.25 m/s. 
The modeling results are shown in Fig. 13 and 14. 

Fig. 9. Change in the shape of the FC connecting the CV and the UV during the UV movement projected onto the X0Y and X0Z 
planes

Fig. 10. Change in the force of the FC tension acting on the CV 
and the UV 

Fig. 8. Scheme of the UV movement around the CV along  
a circle

Fig. 7. Change in the force of the FC tension affecting the CV 
and the UV
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Fig. 6. Change in the shape of the FC connecting the CV and the UV during the UV 
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Fig. 13. Change in the shape of the FC connecting the CV and the UV during the UV movement projected onto the X0Y and X0Z planes 
(modeling results for Option 4) 

Fig. 12. Difference between the forces of the FC tension and the propulsor power

Fig. 11. Evaluation of the influence of the number of the FC elements (increased from 20 to 30) on the error in the MTS movement 
modeling
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Option 5 also differs from Option 3 by the CV speed. 
Here, it moves along the X axis at the speed of 1 m/s. The 
modeling results are presented in Fig. 15 and 16. 

An increase in the UV circulation speed significantly 
increases the demand power of the UV propulsor and the 
force of the FC tension.

Option 6. The CV moves along a circle with the 
radius of 100 m at the speed of 1 m/s, and a non-self-
propelled UV moves behind it tethered by a FC 100 m 
long (Fig. 17). The center of the CV circulation is lo-
cated at the point with the following coordinates: X = 0, 
Y = –100 m, Z = 0.

The FC position in space changes, but its shape hard-
ly does (Fig.18). 

The movement quickly reaches a steady state with 
slight oscillations of the forces of the FC tension acting 
on the CV and UV (Fig. 19). The UV moves behind the 
CV along a circle with a radius of ≈ 75 m at a depth 
of ≈ 55 m.

Option 7. The CV moves along a circle with the ra-
dius of 100 m at the speed of 1 m/s, and the non-self-pro-
pelled UV moves behind it tied to a FC 100 m long (Fig. 
20). The UV is under a constant impact of the deflect-
ing force of 100 N along the Y axis. The CV circulation 
center has the following coordinates: X = 0, Y = –100 m, 
Z = 0.

During the tethered system movement, the deflect-
ing force distorts the shape of the FC and displaces the 
UV circulation center along the Y axis by approximately 
25 m, i. е. the CV and UV circulation centers do not co-
incide. In the process of UV circulation, the depth of its 
immersion changes significantly (from 45 to 70 m).

At the steady state of the tethered system, the forces 
of the FC tension and the amplitude of their oscillations 
increase significantly (Fig. 21 and 22). Fig. 15. Modeling results for Option 5

Fig. 14. Difference between the forces of the FC tension and the propulsor power
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Fig. 17. CV moves along a circle with the radius of 100 m at the 
speed of 1 m/s, and a non-self-propelled UV moves behind it 
tethered by a FC 100 m long

Fig. 20. CV moves along a circle with the radius of 100 m at the 
speed of 1 m/s, and the non-self-propelled UV moves behind it 
tied to a FC 100 m long

Fig. 19. Forces of tension acting on the CV and the UV

Fig. 18. The process of movement

Fig. 16. Difference between the forces of the FC tension and the 
propulsor power
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Option 5 also differs from Option 3 by the CV speed. Here, it moves along the 

X axis at the speed of 1 m/s. The modeling results are presented in Fig. 15 and 16.  

  
Fig. 15. Modeling results for Option 5 

 

 

 

Fig. 16. Difference between the 

forces of the FC tension and the 

propulsor power 

 

An increase in the UV circulation speed significantly increases the demand 

power of the UV propulsor and the force of the FC tension. 

Option 6. The CV moves along a circle with the radius of 100 m at the speed of 

1 m/s, and a non-self-propelled UV moves behind it tethered by a FC 100 m long 

(Fig. 17). The center of the CV circulation is located at the point with the following 

coordinates: X = 0, Y = -100 m, Z = 0. 
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vering modes with a higher quality and efficiency. The 
testing of the computer program of the MTS dynamics 
model for the circulation mode has demonstrated the 
program’s operability and allows for its use in future 
practical calculations of the parameters of the MTS  
with FC.

CONCLUSIONS. 
The developed mathematical model and algorithm 

of the MTS FC dynamics (implemented as a computer 
model for describing the MTS FC dynamics) allow de-
sign engineers developing an MTS with FC to develop 
all the types of MTS in different operating and maneu-
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CONCLUSION 

The developed mathematical model and algorithm of the MTS FC dynamics 

(implemented as a computer model for describing the MTS FC dynamics) allow 

design engineers developing an MTS with FC to develop all the types of MTS in 

different operating and maneuvering modes with a higher quality and efficiency. The 

testing of the computer program of the MTS dynamics model for the circulation 

mode has demonstrated the program’s operability and allows for its use in future 

practical calculations of the parameters of the MTS with FC.  
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УДК 629.12.03
Р93

DEVELOPMENT OF SHIP SYSTEMS  
FOR AIR PURIFICATION FROM DROPLET MOISTURE
РАзРАБОТКА СУДОвЫХ СИСТЕМ ОчИСТКИ вОзДУХА  
ОТ КАпЕлЬНОЙ влАГИ

DOI 10.15589/SmI20170220

Serhiy S. Ryzhkov  C. С. Рижков, канд. техн. наук, доц. 
  sergiy.ryzhkov@nuos.edu.ua  
  ORC ID: 0000-0002-2201-6172
 Admiral Makarov National University of Shipbuilding, Nikolaev 
Национальный университет кораблестроения имени адмирала Макарова, г. Николаев

Abstract. The study of gas dynamics and deposition coefficients of the separating profile has 
been performed. The three-dimensional model of working channels of the ship systems for air 
purification from droplet moisture is developed. The distribution of velocity, static pressure, 
dynamic pressure, kinetic energy of turbulence, and deposition coefficients for the flow rates 
of 5, 10, 15, 20 m/s in separating profiles with the radii of 5, 10, 15, 20, 25 mm. The droplet 
moisture deposition coefficient is 99.9 %. Designs of the ship systems for air purification from 
droplet moisture are developed for the air flow ranging from 20 to 2000 m3/hour.
Keywords: separator; air purification system; moisture separator; 3D modeling.
Аннотация. Выполнены исследования газодинамики и коэффициентов осаждения се-
парационного профиля. Разработаны трехмерные модели рабочих каналов судновых 
систем очистки воздуха от капельной влаги. Получено распределение скорости, ста-
тического давления, динамического давления, кинетической энергии турбулентности 
и коэффициентов осаждения для скоростей потока 5, 10, 15, 20 м/с в сепарирующих про-
филях с радиусами 5, 10, 15, 20, 25 мм. Разработаны конструктивные решения судовых 
систем очистки воздуха от капельной влаги для расхода воздуха от 20 до 2000 м3/ч.
Ключевые слова: сепаратор; системы очистки воздуха; влагоотделитель;  
3D-моделирование.
Анотація. Виконано дослідження газодинаміки та коефіцієнтів осадження сепарацій-
ного профілю. Розроблено тривимірні моделі робочих каналів судових систем очищен-
ня повітря від краплинної вологи. Отримано розподіл швидкості, статичного тиску, 
динамічного тиску, кінетичної енергії турбулентності та коефіцієнтів осадження для 
швидкостей потоку 5, 10, 15, 20 м/с у сепаруючих профілях з радіусами 5, 10, 15, 20, 
25 мм. Розроблено конструктивні рішення суднових систем очищення повітря від кра-
плинної вологи для витрат повітря від 20 до 2000 м3/год.
Ключові слова: сепаратор; системи очищення повітря; вологовіддільник; 
3D -моделювання.
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Problem statement. Providing comfort in ship ac-
commodations and service premises, as well as main-
taining necessary technological conditions in production 
premises, requires air purification from droplet moisture. 
Moisture ingress into the air duct leads to the dampness 
of air-conditioned rooms, intense corrosion of equip-
ment, which can lead to accumulation of moisture in cer-
tain areas, etc. It is reasonable to increase the efficiency 
and reduce the dimensions of ship systems intended for 
air purification from droplet moisture through designing 
devices with the most effective deposition surfaces with 
the help of separation gradient aerosol technologies. The 
development of models and research methods that al-
low for the calculation of gas dynamics in the working 
channels of the purification systems and deposition coef-
ficients for the equipment’s entire operating range will 
provide the basis for the development of ship systems for 
air purification from droplet moisture.

Latest research and publication analysis. At pres-
ent, vast use is made of inertial separators, the separat-
ing elements of which either have demister pads or are 
empty and provide internal drainage of droplet mois-
ture [1]. Tests of the mist eliminators described in [2] 
have showed their insufficient separation ability and in-
creased aerodynamic drag. In addition, the manufacture 
of such separating elements requires a large amount of 
work that can not be mechanized. A possible solution is 
the development of high-efficiency gradient separators 
of aerosol media for ship power plants. Creation of the 
technologies for separation of aerosol media with the 
use of new phase capture techniques offers a significant 
reserve for energy saving. It is promising to develop in-
novative methods implementing gradient intensification 
of the transfer processes in the boundary layers of multi-
functional surfaces of power plants. The multifunctional 
surfaces include those characterized with a compactness 
coefficient exceeding 2000 m2/m3, enhanced heat ex-
change, and separating properties. The use of methods 
and techniques for designing and implementing filters 
based on gradient technologies will increase the reliabil-
ity and service life of the ship’s power equipment and 
its elements. In turn, this will promote the creation of 
high-efficiency energy-saving technologies and efficient 
design solutions for a wide range of gradient separators 
of ship power plants [5].

THE ARTICLE AIM is to present the development 
of ship systems for air purification from droplet mois-
ture.

The aim can be achieved by tackling the following 
objectives:

– to perform mathematical modeling of the processes 
at the initial velocities of 5, 10, 15, 20 m/s on the basis of 
separation gradient aerosol technologies at different flow 
rates in the separating profiles with the radii of 5, 10, 15, 
20, 25 mm;

– to calculate the distribution of velocity, static pres-
sure, dynamic pressure, kinetic energy of turbulence, and 
deposition coefficients on the basis of separation gradi-
ent aerosol technologies for the flow rates of 5, 10, 15, 
20 m/s in separating profiles with the radii of 5, 10, 15, 
20, 25 mm;

– to calculate the coefficient of deposition of droplet 
moisture for the flow rates of 5, 10, 15, 20 m/s in separat-
ing profiles with the radii of 5, 10, 15, 20, 25 mm;

– to develop design solutions of ship systems for air 
purification from droplet moisture for air consumption 
ranging from 20 to 2000 m3/h;

– to develop and approve drawings for a lineup of 
ship systems for air purification from droplet moisture;

– to develop and approve the enterprise standard for 
the lineup of ship systems for air purification from drop-
let moisture.

Basic material. Mathematical modeling. The Reyn-
olds stress transport equations 
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 represents the for-
mation of the rotational system; Suser is the element set 
by the user. 

The energy equation obtained on the basis of this 
theory has the following form:
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of equations. The methods used in their modeling have 
been detailed in previous publications.

Upon the solution of the equations, the purification 
intensity is determined by the mass, hydrodynamic, and 
energy coefficients for intensification of deposition (la-
beled as Km, Kh, and Ke, respectively). The principles 
of calculation of these coefficients suggest maximizing 
the mass of deposited particles while minimizing the 
geometric volume of the processes and the mechanical 
work of the particles transfer relative to the internal and 
external energy expenditure. Based on these principles, 
the integrated indicator of the purification intensity IPI is 
calculated with the use of the following formula:

IPI = 1 – (1 – Km)(1 – Kh)(1 – Ke),            (7)
where 

Km = (ΣMiin – ΣΜiout)/ΣMiin,                 (8)
Kh = (ΣVi – ΣViu)/ΣVi,                         (9)

Ke = 1 – (A + L)/(Eint + Eex),                    (10)

In these formulas, ΣMiin and ΣΜiout are the total 
mass of the particles with the size of i at the inlet and out-
let of the zone, respectively; ΣVi and ΣViu is the total vol-
ume undergoing purification or left unprocessed, respec-
tively; A = ΣlF is the total work on the particles transfer 
over the distance l under the impact of the forces F; L 
= G[Δ(pv) + Δ(w2/2) + gΔh] + Lt + Lf is the work per-
formed by the flow of the G consumption; Eint = Δ(cvtGτ) 
is the internal energy expenditure of the flow, while Eex is 
the external energy expenditure. 

Research results. Development of ship systems in-
tended for air purification from droplet moisture involved 
a study of the separating profile (Fig. 1) with the follow-
ing parameters: R1 = (0.05 ÷ 0.5)L; h = (0.5 ÷ 5.0)R1; 
R2 = (0.01 ÷ 1.0)L.

The profile under study is 80 mm long, with 2 drain 
grooves on the top and 2 drain grooves on the bottom; 
the grooves are 3 mm long and 2 mm deep. The curva-
ture radii of the profile selected for analysis are 5, 10, 
15, 20, and 25. The study of the separating profiles has 
been performed with the help of three-dimensional de-
sign grids (Fig. 2).

On the basis of the mathematical model of the pro-
cesses, the initial and boundary conditions were set for 
substitution to the system of equations. It allowed cal-
culating the basic parameters of the separating profile. 
For the calculation accuracy, the criterion of coinci-
dence 10 –4 was applied to the variables of velocity, flow 
continuity, kinetic energy of turbulence, and Reynolds  
stresses.

In the process of calculation, the following param-
eters were set: 

● three-dimensional real-size geometry (length of 80 
mm and height of 5...25 mm);

The energy equation obtained on the basis of this theory has the following 
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where Е is the total energy; 

The energy equation obtained on the basis of this theory has the following 
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 is the deviator 

stress tensor.
The turbulent mass transfer equation is modeled by 

substituting the enthalpy of equation (2) with the concen-
tration of particles of a dispersed multiphase flow:
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  is the force of resistance. In these expressions, Pw is the value of 

pressure of the wall, p is the flow pressure,  is the particle diameter,  is the 

particle density, P is the particle velocity,  is the density of multiphase high-
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The continuity equation for the flow without the par-
ticle source at a constant density of the liquid is as fol-
lows:

The energy equation obtained on the basis of this theory has the following 

form: 
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pressure of the wall, p is the flow pressure,  is the particle diameter,  is the 
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The equation of the dynamics of the particles move-
ment in the gas flow is written as follows:

The energy equation obtained on the basis of this theory has the following 

form: 
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where xt is the time, force per unit mass of the particle;

The energy equation obtained on the basis of this theory has the following 

form: 
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 is the force of resistance. 

In these expressions, Pw is the value of pressure of the 
wall, p is the flow pressure, dP is the particle diameter, 
ρP is the particle density, υP is the particle velocity, ρ is 
the density of multiphase high-pressure fuel mixtures, υ 
is the gas velocity, dij is the deformation tensor, K is equal 

to 2.594, 

pressure fuel mixtures,   is the gas velocity,  is the deformation tensor, K is 

equal to 2.594, 
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Re  is the Reynolds number, u is the initial flow rate; up 

is the particle velocity;  is the molecular viscosity of the flow;  is the flow 

density; p is the particle density; dp is the particle diameter. The coefficient of 

resistance is calculated as follows:  

 
Re

ReRe1
Re
24

4

3
1

2




b
bbC b

D ,   (6) 

where b is the polynomial coefficient to be set. 

The quantities ijC , ijLD , , ijP  and ijF  are calculated directly from the above 

expressions, while ijTD , , ijG , ij , ij are modeled in the form that allows closing the 

system of equations. The methods used in their modeling have been detailed in 

previous publications. 

Upon the solution of the equations, the purification intensity is determined 

by the mass, hydrodynamic, and energy coefficients for intensification of 

deposition (labeled as Km, Kh, and Ke, respectively). The principles of calculation 

of these coefficients suggest maximizing the mass of deposited particles while 

minimizing the geometric volume of the processes and the mechanical work of the 

particles transfer relative to the internal and external energy expenditure. Based on 

these principles, the integrated indicator of the purification intensity IPI is 

calculated with the use of the following formula: 

IPI = 1-(1-Km)(1-Kh)(1-Ke),  (7) 

where  Km = ( Miin- iout)/ Miin,     (8),  

Kh = ( Vi- Viu)/ Vi,      (9),  

Ke = 1-(A+L)/(Eint+Eex),     (10).  

In these formulas, Miin and iout are the total mass of the particles with 

the size of i at the inlet and outlet of the zone, respectively; Vi and Viu is the 

total volume undergoing purification or left unprocessed, respectively; A = lF is 

the total work on the particles transfer over the distance l under the impact of the 

forces F; L=G[  (pv)+ (w2/2)+g h]+Lt+Lf  is the work performed by the flow of 

 is the Reynolds number, u is 

the initial flow rate; uP is the particle velocity; μ is the 
molecular viscosity of the flow; ρ is the flow density; ρP 
is the particle density; dP is the particle diameter. The 
coefficient of resistance is calculated as follows: 

pressure fuel mixtures,   is the gas velocity,  is the deformation tensor, K is 

equal to 2.594, 
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where b is the polynomial coefficient to be set. 

The quantities ijC , ijLD , , ijP  and ijF  are calculated directly from the above 

expressions, while ijTD , , ijG , ij , ij are modeled in the form that allows closing the 

system of equations. The methods used in their modeling have been detailed in 

previous publications. 

Upon the solution of the equations, the purification intensity is determined 

by the mass, hydrodynamic, and energy coefficients for intensification of 

deposition (labeled as Km, Kh, and Ke, respectively). The principles of calculation 

of these coefficients suggest maximizing the mass of deposited particles while 

minimizing the geometric volume of the processes and the mechanical work of the 

particles transfer relative to the internal and external energy expenditure. Based on 

these principles, the integrated indicator of the purification intensity IPI is 

calculated with the use of the following formula: 

IPI = 1-(1-Km)(1-Kh)(1-Ke),  (7) 

where  Km = ( Miin- iout)/ Miin,     (8),  

Kh = ( Vi- Viu)/ Vi,      (9),  

Ke = 1-(A+L)/(Eint+Eex),     (10).  

In these formulas, Miin and iout are the total mass of the particles with 

the size of i at the inlet and outlet of the zone, respectively; Vi and Viu is the 

total volume undergoing purification or left unprocessed, respectively; A = lF is 

the total work on the particles transfer over the distance l under the impact of the 

forces F; L=G[  (pv)+ (w2/2)+g h]+Lt+Lf  is the work performed by the flow of 

,               (6)

where b is the polynomial coefficient to be set.
The quantities Cij, DL, ij , Pij and Fij are calculated di-

rectly from the above expressions, while  DT, ij, Gij, φij, εij 
are modeled in the form that allows closing the system 
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file walls or the outlet cross section) in the calculation 
grid. The calculation assumed that the coincidence of the 
particle trajectories implied their combination (Table 1). 
The particle was considered to be captured if its trajec-
tory coincided with the wall of the channel.

At the rate of 5...10 m/s, the deposition coefficient of 
the profile with the radius of 5 mm makes up 36.1...30.2 %. 
When the flow rate is increased up to 20 m/s, the liquid 
phase breaks away and the deposition coefficient de-
creases to 20.8 %. At the rates up to 5...10 m/s, the depo-
sition coefficient of the profile with the radius of 10 mm 
makes up 91.9...90.4 %. When the flow rate is increased 
up to 20 m/s, the liquid phase breaks away and the de-
position coefficient decreases to 51.9 %. At the rates up 
to 5...10 m/s, the deposition coefficient of the profile 
with the radius of 15 mm makes up 99.9...99.1 %. When 
the flow rate is increased up to 20 m/s, the liquid phase 
breaks away and the deposition coefficient decreases to 
74.9%. At the rates up to 5...10 m/s, the deposition co-
efficient of the profile with the radius of 20 mm makes 
up 85.6...72.9 %. When the flow rate is increased up to 
20 m/s, the liquid phase breaks away and the deposi-
tion coefficient decreases to 50.5%. At the rates up to 
5...10 m/s, the deposition coefficient of the profile with 
the radius of 25 mm makes up 42.5...31.3 %. When the 
flow rate is increased up to 20 m/s, the liquid phase breaks 
away and the deposition coefficient decreases to 15.9 %. 

● calculation grid built of triangular segments with 
the area of S = 30·10 –8 m2;

● environment parameters — normal conditions;
● gas density of ρg = 1.225 kg/m3;
● gas viscosity of µg = 1.79·10 –5 kg/(m·s);
● the channel wall material is aluminum with the 

roughness of 0.1 mm and density of ρal = 2690 kg/m3;
● minimal particle diameter of 3 μm;
● average particle diameter of 100 μm;
● maximum particle diameter of 150 μm;
● concentration of the liquid phase (H2O) — 5, 10, 

15, 20 %;
● velocity range — 5, 10, 15, 20 m/s.
Fig. 3 – 10 present the distribution of velocity (flow 

rate), kinetic energy of turbulence, static and dynamic 
pressure for the channel with the radii of 5, 10, 15, 20, 
25 mm at U = 5…20 m/s. The calculation results indicate 
that the channel with the length of 80 mm and radius of 
15 mm has the most efficient hydrodynamic character-
istics.

Aerosol deposition in the separating profile has been 
calculated for the particle diameter of 1...3 μm, liquid 
phase concentration (H2O) of 5, 10, 15, 20 % and the ve-
locity range of 5, 10, 15, 20 m/s. At that, the problems of 
non-stationary conditions with the final step in time were 
solved with the Raising Rambler method for the par-
ticle trajectory to reach the deposition surface (the pro-

Fig. 1. Structure diagram of the separating profile with varying curvature radii and dimensions: R1 = (0.05 ÷ 0.5)L; h = (0.5 ÷ 5.0)R1; 
R2 = (0.01 ÷ 1.0)L:
1 — profile inlet; 2 — R1 zone; 3 — R2 zone; 4 — R1 zone; 5 — droplet capture (demisting) zone

the G consumption; Eint = (cvtG ) is the internal energy expenditure of the flow, 

while Eex is the external energy expenditure.  

Research results. Development of ship systems intended for air purification 

from droplet moisture involved a study of the separating profile (Fig. 1) with the 

following parameters: R1=(0.05÷0.5)L; h=(0.5÷5)R1; R2=(0.01÷1.0)L. 

 
Fig. 1. Structure diagram of the separating profile with varying curvature radii and 

dimensions: R1=(0.05÷0.5)L; h=(0.5÷5)R1; R2=(0.01÷1.0)L: 

1 – profile inlet; 2 – R1 zone; 3 – R2 zone; 4 –R1 zone; 5 – droplet capture 

(demisting) zone 

 

The profile under study is 80 mm long, with 2 drain grooves on the top and 2 

drain grooves on the bottom; the grooves are 3 mm long and 2 mm deep. The 

curvature radii of the profile selected for analysis are 5, 10, 15, 20, and 25. The 

study of the separating profiles has been performed with the help of three-

dimensional design grids (Fig. 2). 

On the basis of the mathematical model of the processes, the initial and 

boundary conditions were set for substitution to the system of equations. It allowed 

calculating the basic parameters of the separating profile. For the calculation 

accuracy, the criterion of coincidence 10-4 was applied to the variables of velocity, 

flow continuity, kinetic energy of turbulence, and Reynolds stresses. 

In the process of calculation, the following parameters were set:  

Table 1. Calculation of the coefficient of deposition in the separating profile

R 
(mm)

U = 5 m/s U = 10 m/s U = 15 m/s U = 20 m/s
5 % 10 % 15 % 20 % 5 % 10 % 15 % 20 % 5 % 10 % 15 % 20 % 5 % 10 % 15 % 20 %

5 35.7 34.7 35.8 36.1 31.3 31.2 31.4 30.2 25.9 24.8 25.7 26.4 20.8 20.6 20.4 20.2
10 91.6 91.4 91.3 91.9 94.8 92.8 91.3 90.4 70.9 69.4 68.2 68.3 51.9 50.3 50.5 49.4
15 99.9 99.9 99.9 99.9 99.6 99.3 99.4 99.1 82.3 82.4 83.5 84.9 74.9 73.5 74.1 73.8
20 84.3 85.1 85.6 85.5 82.0 78.9 74.4 72.9 61.3 61.6 60.8 60.3 50.5 50.4 49.7 48.4
25 42.5 42.1 41.9 41.2 32.0 32.5 31.3 31.4 22.7 22.4 21.8 21.4 15.4 15.1 15.9 14.6
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Fig. 2. Calculation grid of the three-dimensional operational geometry of the separating profile: 1) R1 = 60 mm, R2 = 5 mm, h = 15 mm, 
L = 80 mm; 2) R1 = 25 mm, R2 = 10 mm, h = 15 mm, L = 80 mm; 3) R1 = 12 mm, R2 = 15 mm, h = 15 mm, L = 80 mm; 4) R1 = 4 mm, 
R2 = 20 mm, h = 15 mm, L = 80 mm; 5) R1 = 1 mm, R2 = 25 mm, h = 15 mm, L = 80 mm; 6) a = 2 mm, b = 3 mm, c = 5 mm, 
d = 14 mm
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Fig. 3-10 present the distribution of velocity (flow rate), kinetic energy of 

turbulence, static and dynamic pressure for the channel with the radii of 5, 10, 15, 

20, 25 mm at U = 5…20 m/s. The calculation results indicate that the channel with 

the length of 80 mm and radius of 15 mm has the most efficient hydrodynamic 

characteristics. 
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Fig. 3. Calculation of the distribution of velocity and static pressure for the channel radii of 5, 10, 15, 20, 25 mm at U = 5 m/s
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Fig. 3. Calculation of the distribution of velocity and static pressure for the channel 

radii of 5, 10, 15, 20, 25 mm at U = 5 m/s 
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Fig. 4. Calculation of the distribution of kinetic energy of turbulence and dynamic pressure for the channel radii of 5, 10, 15, 20, 25 
mm at U = 5 m/s
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Fig. 4. Calculation of the distribution of kinetic energy of turbulence and dynamic 

pressure for the channel radii of 5, 10, 15, 20, 25 mm at U = 5 m/s 
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Fig. 5. Calculation of the distribution of velocity and static pressure for the channel radii of 5, 10, 15, 20, 25 mm at U = 10 m/s
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Fig. 5. Calculation of the distribution of velocity and static pressure for the channel 

radii of 5, 10, 15, 20, 25 mm at U = 10 m/s 
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Fig. 6. Calculation of the distribution of kinetic energy of turbulence and dynamic pressure for the channel radii of 5, 10, 15, 20, 25 
mm at U = 10 m/s
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Fig. 6. Calculation of the distribution of kinetic energy of turbulence and dynamic 

pressure for the channel radii of 5, 10, 15, 20, 25 mm at U = 10 m/s 
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Fig. 7. Calculation of the distribution of velocity and static pressure for the channel radii of 5, 10, 15, 20, 25 mm at U = 15 m/s

 

 Distribution of velocity (m/s) Static pressure (Pa) 

R 
= 

5 
m

m
 

U
 =

 1
5 

m
/s

 

 

 

 

R 
= 

10
 m

m
 

U
 =

 1
5 

m
/s

 

 

 

R 
= 

15
 m

m
 

U
 =

 1
5 

m
/s

 

 

 

 

R 
= 

20
 m

m
 

U
 =

 1
5 

m
/s

 

 

 

 

R 
= 

25
 m

m
 

U
 =

 1
5 

m
/s

 

 

 

 

Fig. 7. Calculation of the distribution of velocity and static pressure for the channel 

radii of 5, 10, 15, 20, 25 mm at U = 15 m/s 
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Fig. 8. Calculation of the distribution of kinetic energy of turbulence and dynamic pressure for the channel radii of 5, 10, 15, 20, 25 
mm at U = 15 m/s
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Fig. 8. Calculation of the distribution of kinetic energy of turbulence and dynamic 

pressure for the channel radii of 5, 10, 15, 20, 25 mm at U = 15 m/s 
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Fig. 9. Calculation of the distribution of velocity and static pressure for the channel radii of 5, 10, 15, 20, 25 mm at U = 20 m/s
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Fig. 9. Calculation of the distribution of velocity and static pressure for the channel 

radii of 5, 10, 15, 20, 25 mm at U = 20 m/s 
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Fig. 10. Calculation of the distribution of kinetic energy of turbulence and dynamic pressure for the channel radii of 5, 10, 15, 20, 25 
mm at U = 20 m/s
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Fig. 10. Calculation of the distribution of kinetic energy of turbulence and dynamic 

pressure for the channel radii of 5, 10, 15, 20, 25 mm at U=20 m/s 
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● velocity range — 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 m/s.
Air purification from droplet moisture that take place 

in ship systems involves moisture deposition on the sur-
face of separating profiles and water drainage into a tray, 
without damage to the formed water film (secondary 
flooding of the flow). In the curved channel, droplets of 
water transported by the air flow are deposited under the 
action of inertial forces both on the convex (frontal) and 
concave part of the channel.

In ship air conditioners, the intake air velocity is 
within the range of 2...10 m/s, the concentration of drop-
let moisture reaches 30 g/kg, and the average weight 
diameter of droplets reaches 100 – 150 μm when water 
is being dispersed with mechanical nozzles and 200 μm 
when the film breaks away from the edges.

The droplet moisture deposition has been studied ex-
perimentally on a test stand in the form of an open-type 
aerodynamic tube. As a result, the maximum concentra-
tion of the liquid phase for this separating profile was 
established at the initial air velocity of U = 1...10 m/s.

The disperse air-water mixture was prepared in the 
mixing chamber with the help of mechanical and pneu-
matic nozzles. The dispersity was determined by means 
of the contact method, i.e. by applying droplets onto mir-
ror plates with subsequent photographing. The separa-

As a result, it has been established that the deposition 
channel with the radius of 15 mm and the velocity range 
of 1...10 m/s are the most efficient separation options.

Upon studying the most efficient radius of the sepa-
rating profile and determining the working velocities in 
the channel, there has been developed a general scheme 
of ship air purification systems aimed at elimination of 
droplet moisture and created a three-dimensional model 
of the 1000×500×116 mm separator (Fig. 11). The model 
was taken as a basis for building a calculation grid (see 
Table 2 and Fig. 12) with the following parameters:

● hree-dimensional real-size geometry of 
1000×500×116 mm;

● calculation grid built of triangular segments with 
the area of S = 30·10 –8 m2;

● environment parameters — normal conditions;
● gas density of ρg = 1.225 kg/m3;
● gas viscosity of µg = 1.79 · 10–5 kg/(m·s);
● the channel wall material is aluminum with the 

roughness of 0.1 mm and density of ρal = 2690 kg/m3;
● minimal particle diameter dmin of 3 μm;
● average particle diameter dmid of 100 μm;
● maximum particle diameter dmax of 150 μm;
● concentration of the liquid phase (H2O) — 5, 10, 

15, 20 %;

Fig. 11. General scheme of ship systems for air purification from droplet moisture (a), three-dimensional model of the separator of 
1000×500×116 mm (b):
1 — separating profile; 2 — fastening flange; 3 — drain tray; 4 — drain pipe; 5 — separating profile fastening; (for А–А: 1 — separat-
ing profile; 2 — separating profile fastening); А, В А1, H, b, h — equipment dimensions

 
a       b 

Fig. 11. General scheme of ship systems for air purification from droplet moisture 

(a), three-dimensional model of the separator of 1000×500×116 mm (b): 

1 – separating profile; 2 – fastening flange; 3 – drain tray; 4 – drain pipe; 5 – 

separating profile fastening; (for  – : 1 – separating profile; 2 – separating profile 

fastening); ,  1, H, b, h – equipment dimensions 

 

Upon studying the most efficient radius of the separating profile and 

determining the working velocities in the channel, there has been developed a 

general scheme of ship air purification systems aimed at elimination of droplet 

moisture and created a three-dimensional model of the 1000×500×116 mm 

separator (Fig. 11). The model was taken as a basis for building a calculation grid 

with the following parameters: 

 three-dimensional real-size geometry of 1000×500×116 mm; 

 calculation grid built of triangular segments with the area of S = 30·10-8 m2; 

 environment parameters – normal conditions; 

a) b)
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Fig. 12. Calculation grid and velocity calculation for the separator model of 1000×500×116 mm

GENERAL THREE-DIMENSIONAL MODEL 1000×500×116 MM Velocity distribution in the channel 

(m/s) isosymmetry side view top view 

 

 

 

 

 

 

 

 

Fig. 12. Calculation grid and velocity calculation for the separator model of 

1000×500×116 mm 
 

Table 2. Calculation results for the deposition coefficient of the 

1000×500×116 mm separator 
U Liquid phase concentration in the flow 

m/s 5% 10% 15% 20% 

 (dmin) (dmid) (dmax) (dmin) (dmid) (dmax) (dmin) (dmid) (dmax) (dmin) (dmid) (dmax) 

1 90.1 99.9 100 85.9 99.9 100 83.9 99.9 100 82.8 99.9 100 

2 90.3 99.9 100 85.6 99.9 100 83.6 99.9 100 82.2 99.9 100 

3 90.6 99.9 100 85.2 99.9 100 83.3 99.9 100 81.9 99.9 100 

4 90.0 99.9 100 85.4 99.9 100 83.2 99.9 100 81.6 99.9 100 

Table 2. Calculation results for the deposition coefficient of the 1000×500×116 mm separator

U,
m/s

Liquid phase concentration in the flow

5 % 10 % 1 5% 20 %

dmin dmid dmax dmin dmid dmax dmin dmid dmax dmin dmid dmax

1 90.1 99.9 100 85.9 99.9 100 83.9 99.9 100 82.8 99.9 100

2 90.3 99.9 100 85.6 99.9 100 83.6 99.9 100 82.2 99.9 100

3 90.6 99.9 100 85.2 99.9 100 83.3 99.9 100 81.9 99.9 100

4 90.0 99.9 100 85.4 99.9 100 83.2 99.9 100 81.6 99.9 100

5 90.4 99.9 100 85.1 99.9 100 83.1 99.9 100 81.2 99.9 100

6 90.1 99.9 100 84.5 99.9 100 82.7 99.9 100 80.8 99.9 100

7 90.2 99.9 100 84.1 99.9 100 82.3 99.9 100 80.4 99.9 100

8 89.9 99.9 100 83.9 99.9 100 81.9 99.9 100 80.2 99.9 100

9 89.4 99.9 100 83.6 99.9 100 81.5 99.9 100 79.8 99.9 100

10 89.1 99.9 100 83.1 99.9 100 81.1 99.9 100 79.1 99.9 100
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secondary flooding of the flow in the flat section of the 
separating profile.

In air conditioning systems with surface heat exchang-
ers, the main source of droplet moisture is the air cooler. 
The air flow breaks the condensate film away from the 
edges of the heat exchange surface, thus forming droplets. 
In the systems with contact devices, the processed air is 
saturated with moisture droplets in nozzle chambers, film 
machines, etc. The droplet size depends on the mode of 
spattering, the conditions of the water particles breakaway 
from the surface, and the essence of interaction of the 
particles with the air flow. Large droplets may be crushed 
under the impact of aerodynamic forces. Theoretical and 
experimental studies indicate that the disintegration of 
droplets is determined by the Weber number. When it ex-
ceeds 14, all the drops are disintegrated; the larger the We-
ber number is, the smaller the newly formed droplets are.

The conducted theoretical and experimental studies 
allowed for the development and approval of drawings 
for a lineup of ship systems for air purification from 
droplet moisture, as well as an enterprise standard for 
this lineup (Table 3 – 5).

tion ability was determined via three methods: material 
balance, contact method, and filtration with the help of 
analytical Petryanov filters.

The analysis has showed that droplets are deposited 
on the convex and concave parts of the profile in compa-
rable amounts. As a result, two-side drain elements should 
be fitted into the separating profiles to prevent secondary 
flooding. A special feature of the profiles under develop-
ment is a combination of a wave-shaped middle part with 
flat inlet and outlet parts. The profiles are assembled into 
curved channels with a number of successive converging 
and diffusing sections. The latter have breakaway zones 
with the reverse gas flow. There, the liquid film resulting 
from the deposition of droplets is subject to the impact 
of vortices which prevent the film movement with the 
main flow, contributing to its drainage under the action 
of gravity.

The vortex zones provide complete removal of the 
captured moisture from the smooth profile surface up 
to the velocity of 5 m/s. Above this velocity, some part 
of the moisture is removed from the vortex zones. That 
is why, special drain elements are provided to prevent 

Table 3. Experimental data for the deposition coefficient of the 1000×500×116 mm separator

U,
m/s

Liquid phase concentration in the flow
5 % 10 % 15 % 20 % 25 % 30 % 35 % 40 % 45 % 50 % 55 % 60 % 65 % 70 % 75 % 80 %

1 99.9 99.9 99.9 99.9 99.9 94.9 91.4 90.6 81.1 79.2 75.0 71.9 67.8 61.7 55.4 53.1
2 99.9 99.9 99.9 99.9 99.9 94.1 91.9 91.3 81.8 78.4 75.1 71.2 66.4 62.9 55.4 51.9
3 99.9 99.9 99.9 99.9 99.9 95.9 91.0 91.6 81.9 79.3 74.8 70.9 67.7 63.8 54.2 50.4
4 99.9 99.9 99.9 99.9 99.9 95.4 91.1 91.2 81.3 78.9 74.1 69.0 68.5 62.3 55.2 51.1
5 99.9 99.9 99.9 99.9 99.9 95.1 91.9 90.2 80.3 79.6 73.0 68.8 69.4 61.3 54.2 51.9
6 99.9 99.9 99.9 99.9 99.9 90.1 84.8 89.9 78.9 71.9 68.9 61.9 63.2 54.1 49.9 45.9
7 99.9 99.9 99.9 99.9 99.9 82.9 82.5 82.2 74.1 69.2 62.1 57.1 53.9 49.4 44.1 39.9
8 99.9 99.9 99.9 99.9 99.9 80.3 79.3 74.9 70.7 64.3 57.8 52.0 47.3 41.6 37.8 32.9
9 99.9 99.9 99.9 99.9 99.9 78.2 77.1 71.2 66.4 59.9 51.2 45.7 41.2 36.7 32.5 26.9
10 99.9 99.9 99.9 99.9 99.9 83.9 75.9 69.9 61.9 54.9 46.9 41.8 35.9 31.9 28.2 24.9

Table 4. Classification of water separators

Types of water separators General purpose
VVM Main air/water separators for air conditioning and ventilation systems
VVM1 Main air/water separators for machine ventilation systems
VVK Air/water separators of central air conditioners in air conditioning systems

Table 5. List of water separators by volumetric consumption

Designation Volumetric air consump-
tion, m3/h

Aerodynamic drag, Pa 
(mm of water column)

Working moisture satura-
tion, g/kg of dry air

Separating property, % 
(marginal deviation — 1.0)

VVM 6.3 630  –  1600 40 – 250

20 100

VVM 10.0 1000 – 2500 55 – 315
VVM 16.0 1600 – 4000 40 – 250
VVM 25.0 2500 – 6300 40 – 250
VVM 40.0 4000 – 10000 45 – 315
VVM 63.0 6300 – 16000 40 – 250

VVM1 100.0 10000 – 16000 60 – 155
VVM1 160 16000 – 25000 65 – 150

VVM1 250.0 25000 – 40000 92 – 235
VVM1 400.0 30000 – 40000 100 – 160

VVK 16.0 1600 – 4000 20 – 100
VVK 25.0 2500 – 6300 25 – 125
VVK 40.0 4000 – 10000 20 – 100
VVK 63.0 6300 – 16000 20 – 155
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2. Distribution of velocity, static pressure, dynamic 
pressure, kinetic energy of turbulence and deposition co-
efficients has been calculated based on separation gradi-
ent aerosol technologies for the flow rates of 5, 10, 15, 
20 m/s in separating profiles with the radii 5, 10, 15, 20, 
25 mm. The coefficient of droplet moisture deposition 
was calculated for the flow rates of 5, 10, 15, 20 m/s in 
separating profiles with the radii 5, 10, 15, 20, 25 mm.

3. There have been developed design solutions for 
ship systems for air purification from droplet moisture 
for the air consumption ranging from 20 to 2000 m3/h.

4. Drawings for a lineup of the ship air purification 
systems have been developed.

5. The enterprise standard for the lineup of the ship 
air purification systems has been developed.

Fig. 13 demonstrates the typical design of a ship 
system for air purification from droplets moisture with 
a single-row package of separating profiles with the fol-
lowing dimensions: 500×250×116 mm, 1000×500×116 
mm, 2000×1000×116 mm. They have been supplied with 
design documentation and working prototypes.

Tests of these water separators have showed that the 
capture coefficient is practically equal to 100 % at the 
moisture saturation up to 50 g/kg and the intake air ve-
locity up to 10 m/sec. At the velocity of 5 m/s, the aero-
dynamic drag makes up 50 N/m2.

CONCLUSIONS. 1. Mathematical modeling of 
separation at the initial air velocity of 5, 10, 15, 20 m/s 
has been performed with the use of separation gradient 
aerosol technologies at different flow rates in separating 
profiles with the radii of 5, 10, 15, 20, 25 mm.

Fig. 13. Three-dimensional exterior design of the ship system for air purification from droplet moisture:
а — 500×250×116 mm; b — 1000×500×116 mm; c — 2000×1000×116 mm

 
 

 
a b c 

Fig. 13. Three-dimensional exterior design of the ship system for air purification 

from droplet moisture: 

 – 500×250×116 mm; b – 1000×500×116 mm; c – 2000×1000×116 mm 

 

Tests of these water separators have showed that the capture coefficient is 

practically equal to 100% at the moisture saturation up to 50 g/kg and the intake air 

velocity up to 10 m/sec. At the velocity of 5 m/s, the aerodynamic drag makes up 

50 N/m2. 

CONCLUSIONS 

1. Mathematical modeling of separation at the initial air velocity of 5, 10, 15, 

20 m/s has been performed with the use of separation gradient aerosol technologies 

at different flow rates in separating profiles with the radii of 5, 10, 15, 20, 25 mm. 

2. Distribution of velocity, static pressure, dynamic pressure, kinetic energy 

of turbulence and deposition coefficients has been calculated based on separation 

gradient aerosol technologies for the flow rates of 5, 10, 15, 20 m/s in separating 

profiles with the radii 5, 10, 15, 20, 25 mm. The coefficient of droplet moisture 

deposition was calculated for the flow rates of 5, 10, 15, 20 m/s in separating 

profiles with the radii 5, 10, 15, 20, 25 mm. 

a) b) с)

_______________
© C. С. Рыжков
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НА пРАвАХ РЕКлАМЫ

ауд. 236, просп.  Героев Украины, 9, г. Николаев, Украина, 54001
Телефон: +38(0512) 42-42-11  n E-mail: pm@nuos.edu.ua  n www.nuos.edu.ua

УПРАВЛЕНИЕ ПРОЕКТАМИ
СпЕЦИАлЬНОСТЬ

Кафедра управления проекта-
ми (УП) создана в 2007 г. приказом 
по Национальному университету 
кораблестроения имени адмира-
ла Макарова от 23.01.07 № 44-к. 
Возглавил кафедру доктор тех-
нических наук, лауреат Государ-
ственной премии Украины в обла-
сти науки и техники, заслуженный 
работник промышленности, про-
фессор Чернов Сергей Константи-
нович. Под его руководством на 
кафедре сегодня работают : д.т.н., 
профессор, лауреат государствен-
ной премии в области науки и тех-
ники К. В. Кошкин, д.э.н., про-
фессор И. В. Гончаренко, к.т.н., 
профессор Н.В. Фатеев; канди-
даты технических наук, доценты: 
А. М. Возный, Т. Г. Григорян, стар-
шие преподаватели: Т. Т. Чубчик, 
Е. Б. Шнейдер, лаборант кафедры 
Колесниченко А. П., зав. кабине-
том Дюкова С. П., зав. лаборато-
рией Мастер И. В.

С начала своего существования 
кафедра готовит специалистов 
и магистров дневной и заочной 
формы обучения по специально-
сти «Управление проектами» на 
базе бакалаврата любого направ-
ления. В 2012 г. открыта новая 
специальность — «Управление 
инновационной деятельностью», 
по которой предусмотрена под-
готовка магистров дневной фор-
мы обучения. Всего за годы своего 
существования кафедрой подго-
товлено более 300 специалистов 
и магистров.

Кафедра также выполняет 
подготовку кадров высшей квали-
фикации в аспирантуре и докто-
рантуре. На сегодняшний день под-
готовлены 1 доктор и 8 кандидатов 
наук по специальности 05.13.22 
«Управление проектами и про-
граммами». К защите готовятся 
еще 2 докторские и 9 кандидатских 
работ по этой специальности.

Для углубленного изучения 
основных дисциплин на кафе-
дре используются лаборатории, 
оснащенные современной ком-
пьютерной и мультимедийной 
техникой, создана специализиро-
ванная аудитория для лекционных 
и практических занятий, а также 
для проведения индивидуальной 
работы и факультативных заня-
тий и семинаров. В 2007 г. создан 
филиал кафедры на базе ГП НПКГ 
«Зоря» – «Машпроект», где изуча-
ются дисциплины «Управление 
проектами машиностроительных 
предприятий», «Управление про-
ектами развития предприятий», 
«Стратегическое управление инно-
вационным развитием» и «Управ- 
ление инновационными проектами».

На базе кафедры УП создан Ни-
колаевский центр Украинской ас-
социации управления проектами 
(UPMa). Кафедра аккредитована 
UPMa для подготовки междуна-
родных сертифицированных спе-
циалистов уровня Е (ИРМА 4 -lC ).

Кафедра проводит активную 
научно-исследовательскую работу 
по тематическим направлениям 

«Методология управления проек-
тами и программами», «Инфор-
мационные технологии управ-
ления проектами», «Управление 
проектами функционирования и 
развития наукоемких предприя-
тий», «Управление проектами ре-
гионального развития». 

Кафедрой УП ежегодно в сен-
тябре проводится Международ-
ная научно-практическая конфе-
ренция «Управление проектами: 
состояние и перспективы». Целью 
конференции является обмен на-
учными достижениями и навыка-
ми практического использования 
методологий управления проек-
тами, выявление перспективных 
направлений исследований и уста-
новление творческих связей меж-
ду различными коллективами ис-
следователей и практиков в этой 
области. В конференции прини-
мают участие около 200 участни-
ков из разных городов Украины, 
а также из России, Беларуси, Азер-
байджана и Японии.

Ежегодно в ноябре преподава-
тели кафедры вместе со студентами 
и аспирантами проводят форум, 
посвященный Международному 
дню управления проектами, на ко-
торый приглашаются ведущие уче-
ные и практики. Форум посвящен 
практическим аспектам деятель-
ности профессионалов по управ-
лению проектами (проблемы,  
с которыми сталкиваются руково-
дители проектов, лучшие украин-
ские и мировые практики и т. д.).
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MODERNIZATION OF THE UNIVERSAL COMPUTING 
PROGRAM ACCORDING TO THE METHOD  
OF IMPROVEMENT OF THE CALCULATION  
PROCEDURE FOR THE QUANTITATIVE ASSESSMENT 
OF THE QUALITY OF TRAINING PROVIDED  
IN INTERNATIONAL PROGRAMS
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ОЦІНКИ ЯКОСТІ вИКлАДАННЯ зА МІЖНАРОДНИМИ пРОГРАМАМИ  

DOI 10.15589/SmI20170221

Olexander S. Ryzhkov О. С. Рижков, канд. техн. наук, доц. 
  oleksandr.ryzhkov@nuos.edu.ua  
  ORC ID: 0000-0003-0532-7722
 Admiral Makarov National University of Shipbuilding, Nikolaev 
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Abstract. Providing timely and high-quality educational services for a foreign customer is 
a critical task determining the university’s reputation in the international arena and, thus, 
subsequent international orders. In the conditions of competition in the global market of edu-
cational services, it is necessary to constantly confirm the high standards of the university. To 
significantly reduce the time of calculation, a universal computing program has been created. 
This program allows processing extensive data blocks with visualization of the results in the 
two-dimensional coordinate system. The results made it possible to make quick adjustments 
in the educational process in order to improve the quality of educational services to interna-
tional customers. Also, due to implementation of this program in the working process of the 
Educational-Scientific Centre of International Cooperation of NUOS and obtained extensive 
results, there has been developed a method of improvement of the calculation procedure of the 
quantitative assessment of the quality of training provided to foreign students. This method 
is taken as a basis for modernization of the universal computing program for the quantitative 
assessment of the training quality.
Keywords: universal computing program; improvement of calculation procedure; quantita-
tive assessment of the quality; fundamental approaches of project management; international 
educational program.
Аннотация. Для значительного сокращения времени на расчёты была создана универ-
сальная вычислительная программа. Данная программа позволила обработать обширные 
блоки данных с визуализацией результатов в двухмерной системе координат. Получен-
ные результаты дали возможность оперативно вносить коррективы в учебный процесс 
с целью повышения качества предоставляемых образовательных услуг международно-
му заказчику. Также благодаря имплементации данной программы в рабочий процесс 
учебно-научного центра международного сотрудничества НУК и полученным массивам 
результатов был разработан метод совершенствования расчёта количественной оценки 
качества преподавания иностранным студентам. Этот метод лёг в основу модернизации 
универсальной вычислительной программы расчёта количественной оценки качества 
преподавания.
Ключевые слова: универсальная вычислительная программа; совершенствование 
расчёта; количественная оценка качества; принципиальные подходы управления 
проектами; международная образовательная программа.
Анотація. Для значного скорочення часу на розрахунки була створена універсальна 
обчислювальна програма. Дана програма дозволила обробити великі блоки даних з 
візуалізацією результатів у двомірній системі координат. Отримані результати дали 
можливість оперативно вносити корективи в навчальний процес з метою підвищення 
якості освітніх послуг міжнародному замовнику. Також завдяки імплементації даної 
програми в робочий процес навчально-наукового центру міжнародного співробітництва 
НУК і отриманим масивам результатів був розроблений метод вдосконалення розра-
хунку кількісної оцінки якості викладання іноземним студентам. Цей метод було по-
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кладено в основу модернізації універсальної обчислювальної програми розрахунку кількісної оцінки якості 
викладання.
Ключові слова: універсальна обчислювальна програма; вдосконалення розрахунку; кількісна оцінка якості; 
принципові підходи управління проектами; міжнародна освітня програма.
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for the graduate]. Moscow, Its Publ., 1991.
[12] Khotomlianskyi O., Derevianko T. Formuvannia zbalansovanoi systemy pokaznykiv VNZ [Formation of the bal-
anced system of the higher educational institution indicators]. Osvita i upravlinnia — Education and Management. 
2005, ch. 8., no. 2, pp. 49 – 53.
[13] Khotomlianskyi O., Derevianko T. Metodychni pytannia otsiniuvannia rezultativ profesiinoi diialnosti profesor-
sko-vykladatskoho skladu vyshchoho navchalnoho zakladu [Methodological issues of evaluation of the results of pro-
fessional activity of the academic teaching staff of a higher educational institution]. Osvita i upravlinnia — Education 
and Management. 2006, ch. 9., no. 3 – 4, pp. 145 – 151.
[14] Balykhin G. A. Upravleniye razvitiem obrazovaniya: organizatsionno-ekonomicheskiy aspect [Management of 
the education development: the organizational and economic aspect]. Moscow, Ekonomika Publ., 2003. 428 p.
[15] Ryzhkov A. S. Upravleniye kachestvom obrazovaniya NUK po programme «2+2» s Mezhdunarodnym morskim 
kolledzhem Chzhetszyan [Management of the education quality at NUOS for the “2+2” joint educational program with 
the Zhejiang International Maritime College]. Zbіrnyk naukovykh prats NUK — Collection of Scientific Publications 
of NUOS, 2017, no. 2, pp. 69–75.
[16] Ryzhkov A. S. Upravleniye kachestvom obrazovaniya NUK po programme «3+X» s Mezhdunarodnym morskim 
kolledzhem Chzhetszyan [Management of NUOS education quality in the “3+X” joint program with the Zhejiang 
International Maritime College]. Sudostroeniye i morskaya infrastruktura — Shipbuilding and Marine Infrastructure, 
2017, no. 1, pp. 121 – 131.
[17] Ryzhkov A. S. Upravleniye kachestvom obrazovaniya NUK po programme «4+0» s Universitetom nauki i tekh-
nologii Tszyansu [Management of the NUOS education quality in the “4+0” program with the Jiangsu University of 
Science and Technology]. Zbіrnyk naukovykh prats NUK — Collection of Scientific Publications of NUOS, 2017, 
no. 4, pp. _-_.
[18] Ryzhkov A. S. Sozdaniye universalnoy vychislitelnoy programmy dlya upravleniya kachestvom obrazovatelnykh 
uslug NUK na mezhdunarodnoy arene [Creation of a universal computing program to control the quality of educa-
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Problem statement. For Ukraine, becoming a full-
fledged partner of the European Union and being taken 
seriously in the world arena is impossible without exten-
sive integration of not only economic, but also cultural 
and educational factors.

The agreement on the association of Ukraine with 
the European Union, which was signed on June 27, 2014, 
entails introduction of European standards into many 
spheres of the state’s functioning. In particular, it con-
cerns the educational process. It is well-known that the 
standards of the Western world in education are rather 
high, which, in turn, implies an increase in the level of 
the Ukrainian education.

Globalization of the market of educational services 
causes the transformation of national education sys-
tems in many countries. This phenomenon is explicitly 
illustrated by such countries as the US, the UK, South 
Korea, countries of the Eastern Europe, and so on. As 
a result of globalization, the introduction and develop-
ment of the Bologna process is the most important factor 
for Ukraine, as well as for other European countries, in 
reforming higher education in addition to systemic re-
forms [1].

On June 19, 1999, 29 Ministers of Education of the 
European countries signed the Bologna Declaration [2], 
which became the catalyst for development and modifi-
cation of the ideas of the Sorbonne Declaration [3] about 
the European Higher Education Area. It promotes closer 
relations of European countries in the development and 
enhancement of their intellectual, social, scientific and 
technological potentials, as well as academic and cul-
tural synergy.

An important factor for the prosperity of European 
universities is the academic mobility of students, as well 
as a high degree of autonomy in decision-making and 
rigorous international activity. Considering the European 
educational model, one should not ignore the factor of 
competition. Educational services of the Western world 
are tied to the market economy and follow a simple and 
stringent law of supply and demand. A profession that is 
not of interest for the labor market does not withstand 
competition, and the university is forced to downsize the 
corresponding specialty with all the ensuing consequenc-
es, such as staff dismissal, reduction of the training load, 
and so on. In fact, the ability to adapt to the constant 
changes of the modern world is the key to success of 
Western universities.

The officials of Ukrainian higher education institu-
tions should keep in mind that by adopting European 
standards, they also accept the terms of healthy competi-
tion not only with each other, but also with European 
universities. And if the universities of the UK, France 

tional services provided by NUOS in the international arena]. Zbirnyk naukovykh prats NUK – Collection of scientific 
publications of NUOS. Mykolaiv, NUK Publ., 2017, no. 3, pp. 71 – 77.
[19] Ryzhkov A. S. Sovershenstvovaniye rascheta kolichestvennoy otsenki kachestva prepodavaniya inostrannym 
studentam [Improving the calculation procedure for the quantitative assessment of the quality of training provided to 
foreign students]. Visnyk NUK — Bulletin of NUOS, 2017, no. 1. Available at: http://evn.nuos.edu.ua/ 

and Germany are of little interest for most Ukrainian ap-
plicants because of the historical pricing conditions and 
other factors, the universities of such countries as Po-
land, Slovakia and the Czech Republic are quite attrac-
tive and affordable. As evidenced by the 2013 Human 
Development Report, the overall level of satisfaction 
with the educational system in these countries is higher 
than that in Ukraine [4].

Under the conditions of increasing competition in the 
sphere of education worldwide, the only way for a higher 
educational institution of Ukraine to function properly is 
to meet high criteria and world standards. And this can 
not be achieved without rigorous international activity 
aimed at the development of international educational 
programs. 

Entering the international market of educational ser-
vices, a Ukrainian university must meet the criteria set by 
the process of globalization. It is necessary to study the 
labor market in detail and determine the industries which 
demand highly skilled personnel in the country where 
the future partner resides. Having received the order for 
the training of specialists, every effort should be made to 
ensure the high quality of the educational services.

The Admiral Makarov National University of Ship-
building implements quantitative assessment of the qual-
ity of training provided by individual lecturers to control 
the level of education quality. It is a basis for making 
personnel and organizational decisions. 

Latest research and publication analysis. Project 
quality management includes all the activities related to 
general management functions. They define the quality 
policy, assignments and responsibilities, and implement 
them by such means as quality planning, monitoring and 
improvement within the framework of quality assur-
ance [9].

The process of project quality management com-
prises three main elements: quality planning, quality as-
surance, and quality control. It is rather difficult to carry 
out an objective quantitative assessment of the lecturers’ 
work with the help of conventional quality control meth-
ods. Many researchers point out the need for such an as-
sessment, associating the activities aimed at motivating 
lecturers to a high level of performance with the univer-
sity administration’s ability to have an objective assess-
ment of the lecturers’ work at their disposal [10 – 14].

In the NUOS, it is suggested to regard the lecturer 
as a person who seeks to help the student to acquire the 
necessary knowledge and skills implicated by the educa-
tional standard. Based on this approach, there has been 
accepted a calculation procedure for the quantitative as-
sessment of the quality of training [5]. This calculation 
procedure has already been used to assess the educa-
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The total of the rating scores of all the lecturers of the educational institution 
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calculation of the rating according to the student assessment. The initial block for 

calculating the average score is suitable for assessing both lecturers and assessing 
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students, so it remains unchanged.  

.

The total of the rating scores of all the lecturers of 
the educational institution (or its structural unit) for the 
observed period is equal to unity.

The main array of the universal computing program 
contains two blocks for calculation of the rating accord-
ing to the student assessment. The initial block for calcu-
lating the average score is suitable for assessing both lec-
turers and assessing students, so it remains unchanged. 

The first section of calculation of the rating Rs ac-
cording to the student assessment is as follows:

ds1 = app.s1EditField.Value;
ds2 = app.s2EditField.Value;
ds3 = app.s3EditField.Value;
ds4 = app.s4EditField.Value;
ds5 = app.s5EditField.Value;
ds6 = app.s6EditField.Value;
ds7 = app.s7EditField.Value;
ds8 = app.s8EditField.Value;
ds9 = app.s9EditField.Value;
ds10 = app.s10EditField.Value;
Rs1 = ds1/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ds8+ 

+ds9+ds10);
app.Rs1EditField.Value = Rs1;
Rs2 = ds2/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ds8+ 

+ds9+ds10);
app.Rs2EditField.Value = Rs2;
Rs3 = ds3/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ds8+ 

+ds9+ds10);
app.Rs3EditField.Value = Rs3;
Rs4 = ds4/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ds8+ 

+ds9+ds10);
app.Rs4EditField.Value = Rs4;
Rs5 = ds5/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ds8+ 

+ds9+ds10);
app.Rs5EditField.Value = Rs5;
Rs6 = ds6/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ds8+ 

+ds9+ds10);
app.Rs6EditField.Value = Rs6;
Rs7 = ds7/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ds8+ 

+ds9+ds10);
app.Rs7EditField.Value = Rs7;
Rs8 = ds8/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ds8+ 

+ds9+ds10);
app.Rs8EditField.Value = Rs8;

tional process within Ukraine, but it is the first time that 
it is implemented in assessing international educational 
programs. Literary sources contain no data on the exis-
tence of a universal computing program for the quantita-
tive assessment of the quality of training. Therefore, such 
a program has been developed to simplify this procedure 
[18]. Due to its implementation in the working process 
of the Educational and Scientific Center for Interna-
tional Cooperation of the NUOS and the results obtained 
[15 – 17], there has been developed a method for improv-
ing the quantitative assessment of the quality of training 
provided to foreign students.

THE ARTICLE AIM is to modernize the universal 
computing program on the basis of the method for im-
provement of the calculating procedure of the quantita-
tive assessment of the quality of training.

Basic material. The Admiral Makarov National Uni-
versity of Shipbuilding (Mykolaiv) successfully imple-
ments a number of educational programs in collaboration 
with foreign partners [8].  

A key factor in improving the methodology for the 
quantitative calculation of the quality of training in in-
ternational programs is how foreign students assess the 
lecturers’ work. The assessment is carried out by means 
of a questionnaire survey, resulting in assigning the lec-
turer a score from 0 to 100.

The results of the questionnaires serve as a basis for 
adjusting the calculation procedure of the quantitative 
assessment of the quality of training.

Variance of the lecturers’ rating is taken into account 
via dispersion of the average score given by the students 
in the questionnaire to the k-th lecturer. The dispersion is 
calculated according to the formula for the ordered series 
(ungrouped data) for each subject:

 

9 
 

procedure for the quantitative assessment of the quality of training [5]. This 

calculation procedure has already been used to assess the educational process 

within Ukraine, but it is the first time that it is implemented in assessing 

international educational programs. Literary sources contain no data on the 

existence of a universal computing program for the quantitative assessment of the 

quality of training. Therefore, such a program has been developed to simplify this 

procedure [18]. Due to its implementation in the working process of the 

Educational and Scientific Center for International Cooperation of the NUOS and 

the results obtained [15-17], there has been developed a method for improving the 

quantitative assessment of the quality of training provided to foreign students. 

THE ARTICLE AIM is to modernize the universal computing program on 

the basis of the method for improvement of the calculating procedure of the 

quantitative assessment of the quality of training. 

BASIC MATERIAL 

The Admiral Makarov National University of Shipbuilding (Mykolaiv) 

successfully implements a number of educational programs in collaboration with 

foreign partners [8].   

A key factor in improving the methodology for the quantitative calculation 

of the quality of training in international programs is how foreign students assess 

the lecturers’ work. The assessment is carried out by means of a questionnaire 

survey, resulting in assigning the lecturer a score from 0 to 100. 

The results of the questionnaires serve as a basis for adjusting the calculation 

procedure of the quantitative assessment of the quality of training. 

Variance of the lecturers’ rating is taken into account via dispersion of the 

average score given by the students in the questionnaire to the k-th lecturer. The 

dispersion is calculated according to the formula for the ordered series (ungrouped 

data) for each subject: 

2

2 1

( )
S

s ls

s

X X

S



 


 ;

where Xs is the average score given by students to the 
k-th lecturer of the j-th subject for the observed period; 
Xls is the score given by the i-th student to the k-th lec-
turer for the j-th subject for the observed period; S is the 
number of students who studied the j-th subject with the 
training provided by the k-th lecturer over the observed 
period.

The relative indicator Ωs quantitatively characterizes 
the quality of the k-th lecturer’s work as a result of the 
student questionnaire survey in all the subjects. It is cal-
culated with the use of the formula of reciprocal to the 
quadratic coefficient of variation:
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The main array of the universal computing program contains two blocks for 

calculation of the rating according to the student assessment. The initial block for 

calculating the average score is suitable for assessing both lecturers and assessing 
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.

The rating score is calculated as a result of the stu-
dent questionnaire survey as for the quality of training 
provided by the k-th lecturer with the help of the formula 
below:
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hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2 3 4 5 6 7 8],[Rs1 Rs2 Rs3 

Rs4 Rs5 Rs6 Rs7 Rs8]);
hold(app.UIAxes2);
elseif ds10 == 0
plot(app.UIAxes2,[1 2 3 4 5 6 7 8 9],[Rs1 Rs2 Rs3 

Rs4 Rs5 Rs6 Rs7 Rs8 Rs9]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2 3 4 5 6 7 8 9],[Rs1 Rs2 Rs3 

Rs4 Rs5 Rs6 Rs7 Rs8 Rs9]);
hold(app.UIAxes2);
else
plot(app.UIAxes2,[1 2 3 4 5 6 7 8 9 10],[Rs1 Rs2 

Rs3 Rs4 Rs5 Rs6 Rs7 Rs8 Rs9 Rs10]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2 3 4 5 6 7 8 9 10],[Rs1 Rs2 

Rs3 Rs4 Rs5 Rs6 Rs7 Rs8 Rs9 Rs10]);
hold(app.UIAxes2);
end 
The second section of calculation of the general rat-

ing Rks is as follows:
Rks1 = (R1+Rs1)/2;
Rks2 = (R2+Rs2)/2;
Rks3 = (R3+Rs3)/2;
Rks4 = (R4+Rs4)/2;
Rks5 = (R5+Rs5)/2;
Rks6 = (R6+Rs6)/2;
Rks7 = (R7+Rs7)/2;
Rks8 = (R8+Rs8)/2;
Rks9 = (R9+Rs9)/2;
Rks10 = (R10+Rs10)/2;
app.Rks1EditField.Value = Rks1;
app.Rks2EditField.Value = Rks2;
app.Rks3EditField.Value = Rks3;
app.Rks4EditField.Value = Rks4;
app.Rks5EditField.Value = Rks5;
app.Rks6EditField.Value = Rks6;
app.Rks7EditField.Value = Rks7;
app.Rks8EditField.Value = Rks8;
app.Rks9EditField.Value = Rks9;            
app.Rks10EditField.Value = Rks10;
plot(app.UIAxes2,[1 2 3 4 5 6 7 8 9 10],[Rks1 Rks2 

Rks3 Rks4 Rks5 Rks6 Rks7 Rks8 Rks9 Rks10]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2 3 4 5 6 7 8 9 10],[Rks1 

Rks2 Rks3 Rks4 Rks5 Rks6 Rks7 Rks8 Rks9 Rks10]);
hold(app.UIAxes2);
As a result, there was obtained a modernized univer-

sal computing program for the quantitative assessment of 
the quality of training (Fig. 1). It can be used both for the 
classical calculation based on the results of the lecturer’s 
final assessment and for the suggested improved calcu-
lation, including the lecturer’s final assessment and the 
students’ assessment of the lecturer’s work.

Rs9 = ds9/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ds8+ 
+ds9+ds10);

app.Rs9EditField.Value = Rs9;
Rs10 = ds10/(ds1+ds2+ds3+ds4+ds5+ds6+ds7+ 

+ds8+ds9+ds10);
app.Rs10EditField.Value = Rs10;
if ds2 == 0 & ds3 == 0 & ds4 == 0 & ds5 == 0 & ds6 

== 0 & ds7 == 0 & ds8 == 0 & ds9 == 0 & ds10 == 0
plot(app.UIAxes2,[1],[Rs1]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1],[Rs1]);
hold(app.UIAxes2);
elseif ds3 == 0 & ds4 == 0 & ds5 == 0 & ds6 ==  

==0 & ds7 == 0 & ds8 == 0 & ds9 == 0 & ds10 == 0
plot(app.UIAxes2,[1 2],[Rs1 Rs2]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2],[Rs1 Rs2]);
hold(app.UIAxes2);
elseif ds4 == 0 & ds5 == 0 & ds6 == 0 & ds7 ==  

==0 & ds8 == 0 & ds9 == 0 & ds10 == 0
plot(app.UIAxes2,[1 2 3],[Rs1 Rs2 Rs3]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2 3],[Rs1 Rs2 Rs3]);
hold(app.UIAxes2);
elseif ds5 == 0 & ds6 == 0 & ds7 == 0 & ds8 ==  

==0 & ds9 == 0 & ds10 == 0
plot(app.UIAxes2,[1 2 3 4],[Rs1 Rs2 Rs3 Rs4]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2 3 4],[Rs1 Rs2 Rs3 Rs4]);
hold(app.UIAxes2);
elseif ds6 == 0 & ds7 == 0 & ds8 == 0 & ds9 ==  

==0 & ds10 == 0
plot(app.UIAxes2,[1 2 3 4 5],[Rs1 Rs2 Rs3 Rs4 

Rs5]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2 3 4 5],[Rs1 Rs2 Rs3 Rs4 

Rs5]);
hold(app.UIAxes2);
elseif ds7 == 0 & ds8 == 0 & ds9 == 0 & ds10 == 0
plot(app.UIAxes2,[1 2 3 4 5 6],[Rs1 Rs2 Rs3 Rs4 

Rs5 Rs6]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2 3 4 5 6],[Rs1 Rs2 Rs3 Rs4 

Rs5 Rs6]);
hold(app.UIAxes2);
elseif ds8 == 0 & ds9 == 0 & ds10 == 0
plot(app.UIAxes2,[1 2 3 4 5 6 7],[Rs1 Rs2 Rs3 Rs4 

Rs5 Rs6 Rs7]);
hold(app.UIAxes2);
scatter(app.UIAxes2,[1 2 3 4 5 6 7],[Rs1 Rs2 Rs3 

Rs4 Rs5 Rs6 Rs7]);
hold(app.UIAxes2);
elseif ds9 == 0 & ds10 == 0
plot(app.UIAxes2,[1 2 3 4 5 6 7 8],[Rs1 Rs2 Rs3 Rs4 

Rs5 Rs6 Rs7 Rs8]);
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CONCLUSIONS. There has been a method proposed for improvement of the calculation procedure for the quan-
titative assessment of the quality of training. It was taken as a basis for modernization of the universal computing 
program.

Fig. 1. Interface of the modernized universal computing program for the quantitative assessment of the quality of training
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Abstract. The current state of project management for humanitarian demining of the water 
areas of Ukraine has been analyzed. Genesis of the theory of management of such projects 
is formulated; they constitute a part of the projects on diving, biotechnical, robotic and com-
bined demining. The publication suggests a generalized structure of the studies on elabora-
tion of the theory of management of the projects on humanitarian demining of water areas 
considering formation of organizational structures for the project management with the use 
of unmanned (remotely operated) technologies. The study indicates that improving the qual-
ity and productivity of humanitarian demining in water areas with unmanned technologies is 
possible and quite feasible. The organizational structures based on biotechnical systems and 
marine robotics are developed. 
Keywords: project management; humanitarian demining; organizational structure; marine 
robotic vehicle.

Анотація. Виконано аналіз сучасного стану управління проектами гуманітарного роз-
мінування акваторій України. Сформульовано генезис теорії управління такими проек-
тами у складі проектів водолазного, біотехнічного, робототехнічного та комбінованого 
розмінування. Запропоновано узагальнену структуру досліджень з удосконалення тео-
рії управління проектами гуманітарного розмінування акваторій у напрямку формуван-
ня організаційних структур управління такими проектами за безлюдними технологія-
ми. Показано можливість і доцільність підвищення якості й продуктивності операцій 
з гуманітарного розмінування акваторій за безлюдними технологіями. Розроблено орга-
нізаційні структури на основі біотехнічних систем і засобів морської робототехніки.
Ключові слова: управління проектом; гуманітарне розмінування; організаційна струк-
тура; засіб морської робототехніки.

Аннотация. Выполнен анализ современного состояния управления проектами гума-
нитарного разминирования акваторий Украины. Сформулирован генезис теории управ-
ления такими проектами в составе проектов водолазного, биотехнического, робототех-
нического и комбинированного разминирования. Предложена обобщенная структура 
исследований по совершенствованию теории управления проектами гуманитарного 
разминирования акваторий в направлении формирования организационных структур 
управления такими проектами по безлюдным технологиям. Показана возможность и це-
лесообразность повышения качества и производительности операций гуманитарного 
разминирования акваторий за безлюдными технологиями. Разработаны организацион-
ные структуры на основе биотехничних систем и средств морской робототехники. 
Ключевые слова: управление проектом; гуманитарное разминирование; 
организационная структура; средство морской робототехники.
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Problem statement. Mine action has been practised 
worldwide as a humanitarian and pragmatic phase of 
demining since the end of the World War II. In accor-
dance with the current definition provided by the Unit-
ed Nations in the International Mine Action Standards 
(IMAS), mine action is the activities which aim to reduce 
the social, economic and environmental impact of mines 
and explosive remnants of war including unexploded 
sub-munitions [1].

As a key component of mine action, humanitarian 
demining covers a range of services aimed at eliminating 
the dangers and risks associated with mines, ammunition 
and other explosive objects [2]. This includes carrying 
out technical inspections (assessment missions), drawing 
up maps, clearing particular areas, marking, and submit-
ting documentation on the areas cleared from explosive 
objects to local government authorities.

Since Ukraine was in the thick of events during the 
World War I and World War II, the problem of demin-
ing stays relevant for its territory and population during 
peacetime as well. Ukrainian mine clearance services are 
removing explosive objects on a daily basis, while ran-
dom discoveries result in casualties.

The issue of humanitarian demining within water 
bodies constituses a problem that needs to be treated 
separately.

Underwater potentially hazardous objects (UPHOs) 
are the explosive objects and remnants of war. They pose 
a danger to the marine environment and a threat to the 
life and health both of holidaymakers and people living 
in a coastal area. They also complicate the social and 
economic development of the coastal areas of Ukraine, 

[20] Pidvodni obstezhennia ta ochyshchennia vid vybukhonebezpechnykh predmetiv (VNP). MSPMD (IMAS) 09.60. 
Proekt pershoho vydannia 01 hrudnia 2014 r. [IMAS 09.60 Underwater Survey and Clearance of Explosive Ordnance. 
First Edition Draft dated December 1st, 2014]. Sluzhba OON z pytan protyminnoi diialnosti (YuNMAS) [United Na-
tions Mine Action Service (UNMAS)]. New York, USA. 20 p.
[21] Koloskov N., Safonov S., Polyanskiy D. Metodika provedeniya rabot po ochistke akvatoriy ot vzryvoopasnykh 
predmetov po vnutrennikh vodakh i territorialnom more RF [Technique for performing works on the water area clear-
ing from explosive objects in the inland waters and the territorial sea of the Russian Federation]. Neptun Publ., 2014, 
no. 2, pp. 46-51.
[22] Kulagin V. V., Zhurid B. A. Teoriya morskikh biotekhnicheskikh sistem [Theory of Marine Biotechnical Systems]. 
Sevastopol, NPTs «EKOSI – Gidrofizika» Publ., 2010. 330 p.
[23] United State Navy Marine Mammal Programm. Available at: https://en.wikipedia.org/wiki/United_States_Navy_
Marine_Mammal_Program#/media/File:US_Navy_Marine_Mammal_Program_Logo.png 
[24] Blintsov V. S., Hrytsaienko M. H. Pidvodna diialnist derzhavy: suchasnyi stan i zavdannia na perspektyvu [Un-
derwater activities of the state: current state and future objectives]. Pidvodna tekhnika i tekhnolohiia : Materialy 
vseukrainskoi naukovo-tekhnichnoi konferentsii z mizhnarodnoiu uchastiu: V 2 ch. [Proceedings of the All-Ukrainian 
Scientific and Tecnical with International Participation “Underwater Equipment and Technology”]. Mykolaiv, NUK 
Publ., 2014, part 1, pp. 8 – 11.
[25] Ryzhkov S. S., Blintsov V. S., Yehorov H. V., Zhukov Yu. D., Kvasnytskyi V. F., Koshkin K. V., Krivtsun I. V., 
Niekrasov V. O., Sevriukov V. V., Solonichenko Yu. V. Stvorennia universalnykh transportnykh suden i zasobiv okean-
otekhniky [Development of universal transport vessels and means of ocean engineering]. Mykolaiv, NUK Publ., 2011. 
340 p.
[26] Blintsov V. S., Hrytsaienko M. H. Osoblyvosti upravlinnia spilnymy proektamy ochyshchennia akvatorii pidroz-
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in particular, those involved in water transport and tour-
ism business.

Appropriate units of the State Emergency Service 
of Ukraine (SESU) annually detect and dispose of more 
than 3000 explosive remnants of war in the water areas 
of the Black and Azov Seas and other water bodies of 
Ukraine.

A substantial percentage of the emergencies reg-
istered in the water bodies of the Mykolaiv region are 
associated with its geography, namely, a long stretch of 
the Black Sea coast (127 km), a large number of water 
bodies (845), rivers, and a large number of enterprises 
engaged in sea navigation.

The Main Department (MD) of the SESU annually 
takes practical measures to clear the Black Sea of UP-
HOs in the areas of the Kinburn Spit, the Berezan Island, 
the Ochakov Port, the region’s estuaries, etc. in the order 
of rapid response. The largest clusters of UPHOs located 
in the Mykolaiv region include flooded barges with am-
munition detected in the coastal strip of the Yagorlytsky 
Bay and the mine-laying ship “Kolkhoznik” near the 
Kinburn Spit. During their humanitarian demining, the 
pyrotechnic unit has detected 7640 explosive items, in-
cluding 18 aviation bombs, 49 mortar mines and 1128 
shells of various calibers, all destroyed according to the 
established procedure.

Only over 2016 – 2017, the total of 37500 m2 of the 
Black Sea water area have been surveyed and 1160 ex-
plosive remants of war have been detected and disposed 
of, including 562 shells and 4 aviation bombs.

The Black Sea in the Mykolaiv region is a resort area 
where underwater tourism has been rapidly developing 
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ritorial waters of Ukraine during the World War II, poses 
an ever-increasing threat in the Black and Azov Seas 
[14]. It requires the development of appropriate organi-
zational and technical measures for water area clearing 
from UPHOs [15].

Let me consider this problem in more detail as a task 
of project management.

Currently, there is a number of effective organiza-
tional and managerial documents in Ukraine that collec-
tively regulate humanitarian demining. They constitute 
the terminological and informative basis for mine action 
[16, 17], discussing clearance of land areas and disposal 
of anti-personnel mines in the first place [18].

Standard [1] appears to be the most comprehensive 
document on the project management of humanitarian 
demining, rendering its major processes — planning, 
preparation, mine clearing, quality management, etc.

The management of humanitarian demining of water 
areas as a project activity is described in standard [20]. 
It deals with the methods of technical and non-technical 
inspection of UPHOs, including the use of underwater 
robotic equipment — towed, remotely controlled (via a 
tether) and autonomous underwater vehicles. However, 
the standard does not cover the creation of organiza-
tional structures for underwater humanitarian demining 
and does not fully disclose the current capabilities of re-
motely operated technologies for the UPHO search and 
neutralization.

An analysis of the current state of humanitarian de-
mining in Ukraine indicates that the genesis (emergence 
and development) of the theory of project management 
of humanitarian demining of water areas is currently rep-
resented by four types of projects:

diving demining;
water area clearing with the use of biotechnical sys-

tems;
demining with the use of underwater robotic ve-

hicles;
combined water area clearing, which engages ap-

plication of the three methods mentioned above.
These types of humanitarian demining projects have 

been developing consecutively, from diving to biotech-
nical and robotic ones, and are currently quite popular. 
However, the theoretical issues of management of such 
projects have not been fully elaborated. For instance, for-
mation of the organizational structures intended for man-
aging these projects has not been studied to the required 
extent, and so are the special features of management of 
such projects, in particular, the risks associated with their 
implementation.

Thus, let me propose a generalized framework for 
the studies aimed at elaborating the theory of project 
management of humanitarian demining of water areas. It 
is presented in Fig. 1.

Let me give a brief description of the project man-
agement features under consideration.

Obviously, project management of manual demin-
ing is a traditional activity of the SESU managers. It re-
quires organization of specialized demining diver units 

in the recent years. Taking into account the current threat 
posed to sea navigation by the possibility of an unsanc-
tioned explosion and detonation of UPHOs, the SESU 
MD takes appropriate measures to prevent emergencies 
and casualties and ensure the population’s safety. Hu-
manitarian demining of the Black Sea is annually con-
sidered at the meetings of the Regional Commission on 
technogenic and ecological safety and emergencies at the 
Mykolaiv State Region Administration. These issues are 
also included to the National Target Program On Pro-
tection of Population and Territories against Emergen-
cies [3, 4].

The water areas of the Mykolaiv region which are 
subject to inspection and clearance of UPHOs make up 
more than 100 hectares. Such amount of underwater 
works should be carried out with the use of advanced 
project management methods, with the principal scientif-
ic objectives yet to be accomplished being the develop-
ment of effective organizational structures, appropriate 
technical and staffing support of humanitarian demining 
projects. A promising direction is the introduction of 
unmanned (remotely operated) technologies based on 
application of biotechnical systems and involvement of 
marine robotics in almost all major stages of humanitar-
ian demining, from search and inspection to neutraliza-
tion of UPHOs. This will reduce the risks to the lives 
and health of the participants of such works and improve 
the quality and efficiency of humanitarian demining of 
water areas.

Latest research and publications analysis. The is-
sue of demining of land and water areas is sufficiently 
covered in publications [5, 6]. Practical guidelines for 
the effective use of demining facilities are given in nor-
mative documents and catalogs [7, 8]. The problems of 
theory and practice of using underwater robots in marine 
anti-mine missions (combat demining) are most thor-
oughly described in monographs [9, 10]. The Ukrainian 
experience of using underwater robotics in the tasks of 
water area clearing from UPHOs (humanitarian demin-
ing) is rendered in detail in papers [11 – 13].

These and other publications cover certain issues of 
the facilities and technology for the UPHO search and 
humanitarian demining of land and water areas. How-
ever, the matter of comprehensive definition of the scien-
tific problem of project management with regard to cre-
ation and application of advanced, in particular, robotic 
underwater technologies in the practical activities of the 
specialized units of the SESU has not been considered in 
the scientific publications so far.

THE ARTICLE AIM is to analyze the current status 
of the project management of humanitarian demining of 
water areas in Ukraine and determine the organizational 
structures for the project management of humanitarian 
demining based on unmanned technologies as a task of 
national importance.

Basic material. Destruction of the hulls of sunken 
warships and vessels with ammunition, as well as con-
tainers with chemical warfare agents flooded in the ter-
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Fig. 3 shows the basic divisional form of the organi-
zational structure of the Unit of Marine Serving Animals 
of the SESU MD. The divisional form is chosen due to 
the unique complexity of the marine technical and bio-
technological technologies implemented by this unit.

The unit includes the following major departments.
The Department of MSA Capture must operate un-

der licensed quotas. It has the service ship 1 with the ap-
propriate equipment and a team of experts on board to 
capture marine animals. It should be noted that the pro-
cess of capture is accompanied by high risks of possible 
injuries and death of the animals. Thus, the activities of 
the department are extremely complex as for the tech-
nologies of search for the animals in the open sea, their 
safe capture and transportation. Being subordinated to 
the head of the unit, the head of the department develops 
plans for the MSA capture, organizes training and coor-
dinates work of the department’s groups at sea.

The Department of Holding MSA in Captivity should 
accommodate animal enclosures and custom-built in-
door swimming pools with seawater. It comprises expert 
groups specializing in marine animal care, feeding and 
treatment. Following the recommendations of the head 
of the unit, the head of the department plans the daily 
activities on MSA care through managing the expert 
groups ashore.

The Department of MSA Training consists of highly 
skilled animal handlers provided with special equip-
ment, enclosures, and water areas allocated to perform 
effective MSA training. Directed by the head of the unit, 
the head of the department devises working plans of the 
group leaders regarding the development of brand new 
methods of MSA training for humanitarian demining of 
the water areas and/or application of the recommended 

within the SESU MD as the main performers of water 
area clearing [21].

Within the water area clearing project, the Special-
Purpose Rescue Unit was established as part of the SESU 
MD in the Mykolaiv region in 1999. Then in 2005, a py-
rotechnic group was incorporated to this unit and started 
performing the respective works. In 2009, the Rescue Div-
ing and Underwater Demining Group was established as 
a result of expansion of humanitarian demining tasks. Its 
main tasks were determined by a number of legislative acts 
[3, 4]. The group is organized according to the functional 
principle; each management body specializes in a particu-
lar function at all levels of management (Fig. 2).

The management of such projects should provide for 
a mandatory risk management associated with:

risks to the life and health of the project team mem-
bers, primarily demining divers who inspect and neutral-
ize UPHOs;

a low productivity of underwater demining because a 
lot of time is spent on preparation to diving and the div-
ers move slowly under water;

a substantial dependence of diving technologies on 
the hydrometeorological conditions in the water area, 
since sea disturbance, seasonal currents, ice, water and 
air temperature all limit the diving session;

the possibility of non-fulfillment of underwater 
works at the depth beyond the diver’s reach.  

Management of the projects on water area demin-
ing with the help of biotechnical systems engages ma-
rine serving animals (MSA) like cetaceans or pinnipeds 
[22, 23]. These systems have been widely used by the 
USSR, the United States and other coastal states against 
naval mines and saboteurs, as well as with the purpose of 
World Ocean research.

 

Fig. 1. General framework of the main tasks of project management of humanitarian demining of water areas in Ukraine 
Fig. 1. General framework of the main tasks of project management of humanitarian demining of water areas in Ukraine
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living and training of the animals, as well as specialized 
floating facilities for their transportation and exploitation 
in a specified water area;

the risks related to organizing and training a high-
skilled animal handler team for the training and exploita-
tion of marine animals;

the risks of seasonal incapacity of MSAs for demi-
ning missions, since all the species of marine animals 
have certain biological peculiarities and limitations that 
affect the possibility of their year-round exploitation.

It is worth noting that the projects on creation and 
implementation of biotechnical systems in Ukraine had 
been only developed in the Research Center of the Armed 
Forces of Ukraine “State Oceanarium” (Sevastopol) un-
til 2014 and are currently discontinued due to objective 
reasons.

However, if proper maritime units are established 
within a state institution, such projects will become a 
promising trend of the development of humanitarian de-
mining of water areas.

ones. The head of the department also organizes the work 
of the animal handler group 1 and the enclosure mainte-
nance groups.

The Department of MSA Exploitation should include 
the animal handler group 2 provided with the service ship 
2 to deliver MSAs to a designated sea work area. The ship 
must be fitted with special equipment to keep MSAs on-
board for a long time while transporting them to the work 
area, releasing them into water to perform clearance ac-
tivities, and taking them onboard again upon the work 
completion. The head of the department is basically an ex-
ecutive manager who plans and organizes the work of the 
leaders of the department’s groups in line with the main 
purpose of the unit — UPHO detection and disposal.

Let me point out that the projects of humanitarian 
demining that involve MSAs have the drawbacks associ-
ated with the following risks:

the risks related to capturing marine animals and 
holding them in captivity, which require deployment of 
specialized organizational structures with enclosures for 

Fig. 3. Basic organizational structure of the divisional type for the Unit of Marine 

Serving Animals of the SESU MD 

 

The unit includes the following major departments. 

The Department of MSA Capture must operate under licensed quotas. It has 

the service ship 1 with the appropriate equipment and a team of experts on board to 

capture marine animals. It should be noted that the process of capture is 

accompanied by high risks of possible injuries and death of the animals. Thus, the 

activities of the department are extremely complex as for the technologies of 

search for the animals in the open sea, their safe capture and transportation. Being 

subordinated to the head of the unit, the head of the department develops plans for 

the MSA capture, organizes training and coordinates work of the department’s 

groups at sea. 

The Department of Holding MSA in Captivity should accommodate animal 

enclosures and custom-built indoor swimming pools with seawater. It comprises 

expert groups specializing in marine animal care, feeding and treatment. Following 

the recommendations of the head of the unit, the head of the department plans the 

daily activities on MSA care through managing the expert groups ashore. 

Let me give a brief description of the project management features under 

consideration. 

Obviously, project management of manual demining is a traditional activity 

of the SESU managers. It requires organization of specialized demining diver units 

within the SESU MD as the main performers of water area clearing [21]. 

Within the water area clearing project, the Special-Purpose Rescue Unit was 

established as part of the SESU MD in the Mykolaiv region in 1999. Then in 2005, 

a pyrotechnic group was incorporated to this unit and started performing the 

respective works. In 2009, the Rescue Diving and Underwater Demining Group 

was established as a result of expansion of humanitarian demining tasks. Its main 

tasks were determined by a number of legislative acts [3, 4]. The group is 

organized according to the functional principle; each management body specializes 

in a particular function at all levels of management (Fig. 2). 

 

Fig. 2. Organizational structure of the functional type for the Rescue Diving and 

Underwater Demining Group of the Engineering and Transport Division of the 

Fig. 3. Basic organizational structure of the divisional type for the Unit of Marine Serving Animals of the SESU MD

Fig. 2.  Organizational structure of the functional type for the Rescue Diving and Underwater Demining Group of the Engineering 
and Transport Division of the Special-Purpose Rescue Unit of the SESU MD in the Mykolaiv region



ИССлЕДОвАНИЯ И РАзРАБОТКИ

№2 (8) 2017smi.nuos.edu.ua    smi@nuos.edu.ua

146

– support and documentation of the diving works 
with the effect of presence of the operation’s executive 
when implementing robotic technologies; a prompt re-
sponse to the current situation under water.

Fig. 4 demonstrates the effective organizational 
structure of the divisional type for the Rescue Diving and 
Underwater Demining Group provided with marine ro-
botic vehicles. They are operated by the staff assembled 
through combining job positions (highlighted in italics).

This organizational structure offers the following 
major advantages:

– no risk to the lives of the group members during 
water area inspection and demining;

– possibility of performing the works at the depths 
beyond the diver’s reach;

– low dependence on hydroclimatic conditions of the 
work area;

– higher readiness of the group to work and high 
overall efficiency of maritime operations.

Its disadvantages include the need for a vast combi-
nation of the positions of the group members (that is, as-
signing additional duties to most of them) to operate the 
MRV, which hinders the full-scale, effective use of the 
modern MRVs. This is especially the case if the complex 
underwater technologies are implemented under severe 
hydrometeorological conditions, when high professional 
requirements are put forward to the MRV crews.

Besides, this organizational structure does not pro-
vide for a simultaneous use of all MRV types due to staff-
ing limitations. 

Yet, this drawback can be eliminated through estab-
lishing a specialized Department of Marine Robotic Ve-
hicles with a highly skilled staff capable of performing a 
full range of robotized surface and underwater technical 
works, providing high productivity and quality. Such a 
subdivision of the Rescue Diving and Underwater De-
mining Group must be supplied with a complete set of 
equipment for the water area clearing from UPHOs.

Fig. 5 presents the improved organizational structure 
of the divisional type for the Rescue Diving and Under-

At present, the most attractive direction for the de-
velopment of the projects of humanitarian demining of 
water areas is the use of marine robotic vehicles (MRV): 
towed, remotely operated and autonomous underwater 
vehicles (TUV, ROV and AUV, respectively), unmanned 
surface vessels (USV), and unmanned aerial vehicles 
(UAV) [24]. This is evidenced by both national and 
worldwide experiences in the organization of such proj-
ects [25].

Since 2010, the specialists and equipment (underwa-
ter robotic vehicles) provided by the Admiral Makarov 
National University of Shipbuilding have been engaged 
in the survey of sea and river water areas. This enabled 
realizing robotic demining projects, which is a brand new 
type of the projects on humanitarian demining of water 
areas in the national practice. The survey suggested de-
tecting the ships with ammunition flooded during the 
World War II, determining their exact coordinates and 
approximate amount of ammunition, establishing if there 
are any UPHOs on the sea bottom soil near the sunken 
objects, and planning the required operations.

Publication [26] considers the scientific foundations 
of management of the joint projects of humanitarian de-
mining of water areas performed by the SESU units and 
organizations developing marine robotic vehicles.

Provision of the Rescue Diving and Underwater De-
mining Group (Fig. 2) with robotic vehicles will substan-
tially increase the functionality of the group in particular 
and the Rescue Unit in general, offering the following 
opportunities:

– highly effective search for UPHOs and their in-
spection via unmanned technologies;

– high-quality video documentation of the UPHOs 
and cleared water areas supplied with geodetic data;

– objective instrumental measurement of the UPHO 
characteristics;

– real-time data supply for preparation of the UPHO 
disposal;

– fast underwater transportation of the instruments 
and stock to the area of underwater diving works;

 objective instrumental measurement of the UPHO characteristics; 

 real-time data supply for preparation of the UPHO disposal; 

 fast underwater transportation of the instruments and stock to the area of 

underwater diving works; 

 support and documentation of the diving works with the effect of 

presence of the operation’s executive when implementing robotic 

technologies; a prompt response to the current situation under water. 

Fig. 4 demonstrates the effective organizational structure of the divisional 

type for the Rescue Diving and Underwater Demining Group provided with marine 

robotic vehicles. They are operated by the staff assembled through combining job 

positions (highlighted in italics). 

 
Fig. 4. Current organizational structure of the divisional type for the Rescue Diving 

and Underwater Demining Group of the SESU MD in the Mykolaiv region 

provided with marine robotic vehicles 

 

This organizational structure offers the following major advantages: 

 no risk to the lives of the group members during water area inspection 

and demining; 

Fig. 4. Current organizational structure of the divisional type for the Rescue Diving and Underwater Demining Group of the SESU 
MD in the Mykolaiv region provided with marine robotic vehicles
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This drawback can be overcome by establishing a 
brand new unit of the SESU which would be engaged in 
the UPHO search and disposal (humanitarian demining 
of water areas) with an extensive use of advanced ro-
botic technologies on the state scale. This approach sub-
stantially reduces the overhead costs of maintaining the 
MRVs and increases the effectiveness of their intended 
application, since it enables centralized management of 
the processes of formation, technical and staffing sup-
port, long-term and operational planning, and realization 
of such a unit. Within the SESU, the Center for Humani-
tarian Demining of Water Areas may well play the role 
of this unit as part of the Unified State System for the 
Prevention and Elimination of Emergencies. The main 
tasks and basic structure of the organizational and techni-
cal support of the Center are proposed in Fig. 6.

The main departments of the Center for Humanitar-
ian Demining include:

water Demining Group which includes the Department 
of Marine Robotic Vehicles with the staff for their opera-
tion (highlighted in italics).

This organizational structure offers more opportuni-
ties than the previous version. The presence of the De-
partment of Marine Robotic Vehicles allows performing 
the tasks of humanitarian demining of water areas to the 
full extent, which takes the implementation of these proj-
ects to a whole new level.

Moreover, as there is a complete team of MRV op-
erators, the MRVs can be used either collectively (to 
perform a complex maritime operation when clearing a 
large water area) or separately (to perform several opera-
tions simultaneously).

The proposed organizational structure has the dis-
advantage of the high overhead costs required for con-
tinuous maintenance of numerous complex MRVs in the 
working condition within a single SESU MD group.

for Humanitarian Demining of Water Areas may well play the role of this unit as part of 

the Unified State System for the Prevention and Elimination of Emergencies. The main 

tasks and basic structure of the organizational and technical support of the Center are 

proposed in Fig. 6. 

 
Fig. 6. Main tasks and structure of the organizational and technical support of the 

Center for Humanitarian Demining of Water Areas as part of the SESU 
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 the Department of Special-Purpose Diving Works (currently operating as 
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Chemical and Radiation Control); 

 the Department of Communications and Documentation dealing with the 

processes in the projects of humanitarian demining of water areas, which is 

intended for digital mapping (documentation of UPHOs supplied with 

geoinformation), fast transmission, processing and centralized storage of 

the data containing the project results; an essential function of this 

department is to provide information to the State UPHO Register. 

 
Fig. 5. Improved organizational structure of the Rescue Diving and Underwater 

Demining Group of the SESU MD in the Mykolaiv region complemented with the 

Department of Marine Robotic Vehicles 
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The presence of the Department of Marine Robotic Vehicles allows performing the 

tasks of humanitarian demining of water areas to the full extent, which takes the 
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Moreover, as there is a complete team of MRV operators, the MRVs can be used 

either collectively (to perform a complex maritime operation when clearing a large 

water area) or separately (to perform several operations simultaneously). 

The proposed organizational structure has the disadvantage of the high overhead 

costs required for continuous maintenance of numerous complex MRVs in the working 

condition within a single SESU MD group. 

This drawback can be overcome by establishing a brand new unit of the SESU 

which would be engaged in the UPHO search and disposal (humanitarian demining of 

water areas) with an extensive use of advanced robotic technologies on the state scale. 

This approach substantially reduces the overhead costs of maintaining the MRVs and 

increases the effectiveness of their intended application, since it enables centralized 

management of the processes of formation, technical and staffing support, long-term 

and operational planning, and realization of such a unit. Within the SESU, the Center 

Fig. 6. Main tasks and structure of the organizational and technical support of the Center for Humanitarian Demining of Water 
Areas as part of the SESU

Fig. 5. Improved organizational structure of the Rescue Diving and Underwater Demining Group of the SESU MD in the Mykolaiv 
region complemented with the Department of Marine Robotic Vehicles
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ate forces and means into the state of alert, deployment 
towards a threatened water area if necessary;

– in the emergency mode: organization of population 
protection, deployment of the response group towards 
the water area where the emergency occurred, determi-
nation of the scale of the emergency, organization of the 
response to the emergency, water area clearing from UP-
HOs, continuous monitoring of the environment in the 
emergency area and the situation in the UPHO.

Therefore, the Center’s MRV Mobile Laboratory 
should be able to follow four main types of MRV appli-
cation scenarios, namely, water area clearance from:

– a single UPHO;
– a group of UPHOs located on a single underwater 

facility, for example, on a sunken ship;
– UPHOs located in a considerable area of the bot-

tom surface;
– UPHOs ocurring over a considerable area of the 

bottom surface.
Management of the project on creation of the Cen-

ter for Humanitarian Demining within the SESU goes 
beyond the scope of this publication and is the subject 
of a separate study. Let me only consider the main di-
rections of project management aimed at establishment 
of the Center. Based on the system approach to process 
management, they are as follows:

development of the organizational structure of the 
Center, which should comprise appropriate units for the 
tasks indicated in Fig. 6;

material and technical support of the Center’s units, 
in particular, with the help of safe and highly effective 
robotic technologies of water area clearing;

formation of the necessary operational-tactical re-
sources (in particular, appropriate MRVs) in the projects 
on water area clearing from explosive objects;

personnel support of the Center’s activities, in par-
ticular, training of the personnel capable of effective ap-

– the Department of Special-Purpose Diving Works 
(currently operating as part of the SESU) and the De-
partment of Mobile Laboratories (MRV, Chemical and 
Radiation Control);

– the Department of Communications and Docu-
mentation dealing with the processes in the projects 
of humanitarian demining of water areas, which is in-
tended for digital mapping (documentation of UPHOs 
supplied with geoinformation), fast transmission, pro-
cessing and centralized storage of the data contain-
ing the project results; an essential function of this de-
partment is to provide information to the State UPHO  
Register.

Fig. 7 shows the basic organizational structure of the 
divisional type for the Center for Humanitarian Demining 
of Water Areas as part of the Unified State System for the 
Prevention and Elimination of Emergencies. As implied by 
this framework, project managers for demining operations 
in specific water areas are either activity-specific manag-
ers or specially appointed experts with an experience in 
marine works of such a level of complexity.

The organizational structure should operate in accor-
dance with the following modes of the Unified State Sys-
tem for the Prevention and Elimination of Emergencies:

– regular mode;
– high alert mode;
– emergency mode.
Accordlingly, it conducts the following operations 

during the implementation of special underwater works:
– in the regular mode: monitoring and control over 

the condition of the water area, situation in the UPHO 
and in the water area, planning and implementation of 
emergency prevention measures;

– in the high alert mode: intensified monitoring and 
control over the condition of the environment, situation 
in the UPHO and in the water area, prediction of possible 
emergencies and their magnitude, placement of appropri-

Fig. 7 shows the basic organizational structure of the divisional type for the 

Center for Humanitarian Demining of Water Areas as part of the Unified State System 

for the Prevention and Elimination of Emergencies. As implied by this framework, 

project managers for demining operations in specific water areas are either activity-

specific managers or specially appointed experts with an experience in marine works 

of such a level of complexity. 

Fig. 7. Basic organizational structure of the divisional type for the Center for 

Humanitarian Demining of Water Areas 

 

The organizational structure should operate in accordance with the following 

modes of the Unified State System for the Prevention and Elimination of 

Emergencies: 

 regular mode; 

 high alert mode; 

 emergency mode. 

Accordlingly, it conducts the following operations during the 

implementation of special underwater works: 

Fig. 7. Basic organizational structure of the divisional type for the Center for Humanitarian Demining of Water Areas
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water areas, particularly, the development of organiza-
tional structures for such projects. It includes four types 
of projects: diving, biotechnical, robotic and combined 
demining. There have been proved the possibility and 
expediency of improving the quality and productivity 
of the operations on humanitarian demining of water ar-
eas with the help of marine robotic vehicles, particularly 
those manufactured in Ukraine.

4. There have been developed the organizational 
structures intended for project management of humani-
tarian demining of water areas based on the use of ma-
rine robotic vehicles, which are proposed for realization 
by the Main Department of the SESU and by the Center 
for Humanitarian Demining of Water Areas as part of the 
Unified State System of Prevention and Elimination of 
Emergencies in Ukraine.

plication of the MRV according to its intended purpose.
It should be highlighted that these activities are also rel-

evant for the organizational structures shown in Fig. 4 and 5.

CONCLUSIONS. 1. At present, humanitarian de-
mining of the water areas of Ukraine is a relevant task of 
national importance, since sunken explosive objects pose 
a threat to people’s life and health and make it impossible 
to use water areas in the public interest.

2. The analysis of the current state of the project man-
agement for humanitarian demining of the water areas in 
Ukraine has shown that the respective theoretical issues 
are at an initial stage of their development, while demin-
ing is carried out solely on the basis of conventional or-
ganizational structures that involve diving technologies.

3. The publication presents the genesis of the theory 
of the project management of humanitarian demining of 
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Abstract. On the basis of the performed analysis, there has been developed a classification 
of deep-water archaeological projects which are carried out with the help of marine robotic 
vehicles, namely, remotely operated underwater vehicles. The following features of the proj-
ects are proposed as the basic classification criteria: archaeological value of the artefact, type 
of the underwater vehicle, depth of the artefact location, distance to the coast line, place 
of deployment of the underwater vehicle, duration of the project, type of research (works), 
cost of the project, level of cooperation, type of equipment, artefact value of the project, hy-
drological and meteorological conditions influencing the project, the number of underwater 
vehicles and operators involved. The developed classification serves as a basis for the archi-
vation of deep-water archaeological projects and the development of proactive management  
models.

Keywords: underwater archaeology; project; management; classification; archivation; mod-
el; proactive management.

Аннотация. На основании выполненного анализа разработана классификация глубо-
ководных археологических проектов, выполняемых с помощью средств морской ро-
бототехники, а именно телеуправляемых подводных аппаратов. В качестве основных 
классификационных признаков проектов предложены: археологическая ценность ар-
тефакта, тип подводного аппарата, глубина расположения артефактов, расстояние до 
береговой линии, место базирования подводного аппарата, срок выполнения работ по 
проекту, вид исследований (работ), стоимость проекта, уровень кооперации, тип обору-
дования, уровень артефактности проекта, гидрологические и метеорологические усло-
вия, существовавшие во время выполнения проекта, количество задействованных под-
водных аппаратов и членов команды операторов. Разработанная классификация служит 
основой архивации глубоководных археологических проектов и разработки моделей 
проактивного управления.

Ключевые слова: подводная археология; проект; управление; классификация; 
архивация; модель; проактивное управление.

Анотація. На підставі виконаного аналізу розроблено класифікацію глибоководних 
археологічних проектів, які виконуються за допомогою засобів морської робототехніки, 
а саме телекерованих підводних апаратів. В якості основних класифікаційних ознак 
проектів запропоновано: археологічну цінність артефакту, тип підводного апарату, гли-
бину розташування артефактів, відстань від берегової лінії, місце базування підводного 
апарату, термін виконання робіт за проектом, вид досліджень (робіт), вартість проек-
ту, рівень кооперації, тип обладнання, рівень артефактності проекту, гідрологічні та 
метеорологічні умови, що існували під час виконання проекту, кількість задіяних 
підводних апаратів та членів команди операторів. Розроблена класифікація є основою 
при архівації глибоководних археологічних проектів та розробці моделей проактивного 
управління

Ключові слова: підводна археологія, проект, управління, класифікація, архівація, 
модель, проактивне управління.
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classification given in publications [13 – 17] distinguish-
es four classes of UUVs and covers a set of requirements 
for their creation and equipment.

Among those analyzed, the most comprehensive 
classification of UUVs is given in [18]. In line with the 
effective standard, unmanned underwater vehicles are 
classified according to the following criteria: intended 
purpose, energy self-sufficiency, method of control, 
mass-dimensional indicators, capacity of the power sup-
ply system, manner of underwater movement, type of the 
propulsion and steering unit (Fig. 1).

Let me consider this classification in more detail.
By intended purpose, UUVs are classified into
– search vehicles;
– research vehicles;
– operational vehicles;
– oceanographic vehicles;
– multipurpose (dual-purpose) vehicles.
When considering their energy self-sufficiency, the 

following groups of UUVs are distinguished:
– remotely operated (ROVs);
– autonomous;
– semi-autonomous.
By the method of control, they can be
– remotely operated by an operator;
– autonomously operated with the help of the pro-

gram.
Taking into account the weight of UUVs, there is the 

following distinction:
– micro UUVs, with a weight below 5 kg;
– mini UUVs, with a weight ranging from 5 to 

30 kg;
– lightweight UUVs, with a weight of 30 to 100 kg;
– medium weight UUVs, with a weight of 100 kg up 

to 2000 kg;

Problem statement. As evidenced by publications 
[1-4] (issued both in Ukraine and abroad), deep-water 
archaeological projects are currently being carried out 
with the help of marine robotic devices, namely, un-
manned tethered underwater vehicles (UUVs). The ma-
jor problems hampering the development of deep-water 
archaeological research in Ukraine include unresolved 
issues of the regulatory and legislative framework of 
deep-water archaeological projects [5], serial production 
of UUVs [6], and so on.

One of the main deterrent factors that substantially 
influences the development and effectiveness of deep-
water archaeological research is the lack of models and 
mechanisms for managing deep-water archaeological 
research projects. It leads to the relevance and national 
importance of the scientific and applied problem of their 
creation, especially considering that there are a lot of 
cultural heritage objects in the Azov-Black Sea basin of 
Ukraine [7 – 10].

Latest research and publication analysis. One of 
the ways to enhance the effectiveness of project man-
agement is to implement proactive management models 
based on the classification of projects, which generally 
reduces the time required for the formation of the content 
of management processes [11].

The analysis of available classification criteria re-
garding deep-water archaeological research [12 – 17] has 
shown that they do not fully meet the needs for manage-
ment of respective projects and programs.

For instance, paper [12] renders a classification that 
considers the technical characteristics of UUVs (their 
weight, operating depth, speed, attached equipment be-
ing the classification criteria) and the tasks they perform 
(rescue, search, repair and construction, research UUVs, 
civil or military UUVs, and dual-purpose UUVs). The 
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the National Academy of Sciences of Ukraine. Based 
on this experience, as well as critical analysis of lat-
est scientific publications, let me propose the follow-
ing classification criteria of deep-water archaeological  
projects:

– archaeological value of the artefact;
– type of the underwater vehicle;
– depth of the artefact location;
– distance to the coast line;
– place of deployment of the underwater vehicle;
– duration of the project;
– type of research (works);
– cost of the project;
– level of cooperation;
– type of equipment;
– artefact value of the project;
– hydrological and meteorological conditions influ-

encing the project;
– the number of underwater vehicles and operators 

involved.
The framework incorporating all of these criteria is 

presented in Fig. 2.
Further elaborating the proposed criteria, the follow-

ing groups of deep-water archaeological research proj-
ects are distinguished by the type of works:

– search projects;
– projects aimed at the study of artefacts;
– projects aimed at the study of hydrological and 

other conditions in the operation area;
– projects aimed at lifting and collecting artefacts;
– combined projects.
The distinction is made on the basis of a list of iden-

tified artifacts and possible archaeological deep-water 
projects that may constitute the short-term, mid-term and 
long-term prospects in the Azov-Black Sea Basin.

– heavyweight UUVs, with a weight above 2000 kg.
By the capacity of the power supply system, UUVs 

are classified as
– small, output power up to 10 kW;
– low-capacity, output power up to 30 kW;
– medium-capacity, output power up to 75 kW;
– high-capacity, output power more than 75 kW.
According to their manner of underwater movement, 

UUVs can be
– towed;
– self-propelled;
– bottom;
– drifting (moving with the current flow).
By the type of the propulsion and steering unit, 

UUVs are classified as
– active;
– passive.
As shown by the studies conducted, there is no clas-

sification of deep-water archaeological research projects 
that would take into account the essential features of the 
project and program management with regard to the use 
of remotely operated vehicles. This results in the rele-
vancy of developing such a classification.

THE ARTICLE AIM is to define the classification 
criteria and develop the classification of deep-water ar-
chaeological research projects which employ remotely 
operated underwater vehicles.

Basic material. When formulating the classifi-
cation criteria, it appears reasonable to take into ac-
count the experience of the scientists of the Admiral 
Makarov National University of Shipbuilding in or-
ganizing and implementing the robotic underwater ar-
chaeological research in the Black Sea in collaboration 
with the specialists of the Institute of Archeology of 
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the UUV type, operational depth, distance to the coast 
line, number of UUVs, place of their deployment, type of 
equipment, and the number of operator teams.

By the UUV type, there are distinguished projects 
with the use of remotely operated, autonomous, and semi-
autonomous UUVs. At that, in accordance with publica-
tion [1], the following groups of UUVs are singled out 
according to their weight and dimensions: mini, micro, 
lightweight, medium weight, and heavyweight ones.

By the operational depth, deep-water archaeological 
projects are classified as those conducted at a depth up to 
100 m, at a depth up to 600 m, and at a depth above 600 
m. This distinction is caused by the possible depths of the 
UUV operation.

By the distance to the coast line, it is proposed to dis-
tinguish coastal projects (up to 5 miles from the coast), 
projects performed within the national waters (up to 
12 miles), and those performed in the neutral waters (fur-
ther than 12 miles from the coast).

UUVs can be deployed from a ship, from a car, from 
the shore, etc. This classification criterion determines the 
technological model of the research, substantially affect-
ing the project indicators and resource provision.

It should be noted that number of UUVs, type of 
equipment, and the number of operator teams are de-
termined primarily by the project’s mission, objective, 
and the necessary technological support. Thus, concern-
ing the number of UUVs required, projects can be per-
formed with the help of one or several UUVs. As for the 
equipment used during the deep-water research, there is 
a distinction between the projects implementing conven-
tional and unique equipment. The examples of the latter 
include profilographs, 3D sonars, and the like.

The formulated criteria allow classifying deep-water 
archaeological projects and realizing their archivation. 

CONCLUSIONS. The main classification criteria 
for the deep-water archaeological research projects are 
as follows: archaeological value of the artefact, type of 
the underwater vehicle, depth of the artefact location, 
distance to the coast line, place of deployment of the un-
derwater vehicle, duration of the project, type of research 
(works), cost of the project, level of cooperation, type of 
equipment, artefact value of the project, hydrological and 
meteorological conditions influencing the project, the 
number of underwater vehicles and operators involved.

The criteria that have been proposed and substanti-
ated allow classifying and archiving deep-water archaeo-
logical projects.

The classification makes it possible to simulate the 
processes and create the proactive management models 
for the projects and programs of deep-water archaeologi-
cal research by means of creating an appropriate matrix 
of the project values and archiving templates.

According to the archaeological value of the arte-
facts under study, the projects are classified as those hav-
ing global, national and indeterminate importance.

By duration of the project execution, the projects are 
classified into

– short-term projects, lasting up to 30 days;
– mid-term projects, lasting up to 6 months;
– long-term projects, lasting more than 6 months.
This classification feature takes into account the 

long-term meteorological and hydrogeological forecasts 
in the Azov-Black Sea Basin, as well as the experience of 
the Admiral Makarov National University of Shipbuild-
ing in the execution of archaeological projects in appro-
priate terms.

From the viewpoint of project management, the proj-
ect’s cost and artefact level, as well as the level of coop-
eration, are regarded as essential criteria. Thus, projects 
can be of a low, medium or high cost. Thereat, low-cost 
projects require up to 100 thousand dollars, mid-cost 
projects — up to 1 million dollars, and high-cost proj-
ects — more than 1 million dollars. This classification is 
conventional and stems from the scope of possible proj-
ects.

As for the level of cooperation, classification of 
deep-water archaeological projects suggests determining 
the number of project participants: up to 5 participants 
correspond to the projects of a low level of cooperation, 
from 6 to 20 participants are engaged in the projects with 
a medium level of cooperation, and the projects a high 
level of cooperation usually involve more than 20 par-
ticipants. The rationing of this criterion is determined 
by the expected complexity of communication planning 
models for deep-water archaeological projects.

The artefact value of the projects is defined as fol-
lows [19]:

According to the archaeological value of the artefacts under study, the 

projects are classified as those having global, national and indeterminate 

importance. 

By duration of the project execution, the projects are classified into 

 short-term projects, lasting up to 30 days; 

 mid-term projects, lasting up to 6 months; 

 long-term projects, lasting more than 6 months. 

This classification feature takes into account the long-term meteorological 

and hydrogeological forecasts in the Azov-Black Sea Basin, as well as the 

experience of the Admiral Makarov National University of Shipbuilding in the 

execution of archaeological projects in appropriate terms. 

From the viewpoint of project management, the project’s cost and artefact 

level, as well as the level of cooperation, are regarded as essential criteria. Thus, 

projects can be of a low, medium or high cost. Thereat, low-cost projects require 

up to 100 thousand dollars, mid-cost projects – up to 1 million dollars, and high-

cost projects – more than 1 million dollars. This classification is conventional and 

stems from the scope of possible projects. 

As for the level of cooperation, classification of deep-water archaeological 

projects suggests determining the number of project participants: up to 5 

participants correspond to the projects of a low level of cooperation, from 6 to 20 

participants are engaged in the projects with a medium level of cooperation, and 

the projects a high level of cooperation usually involve more than 20 participants. 

The rationing of this criterion is determined by the expected complexity of 

communication planning models for deep-water archaeological projects. 

The artefact value of the projects is defined as follows [19]: 
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where j =1,…N is the sequential number of the project; i =1,…M is the sequential 

,

where j =1,…N is the sequential number of the proj-
ect; i = 1,…M is the sequential number of the project 
characteristic; pi j, wi j are the parametric and functional 
characteristics of the elementary artefact components of 
the project; di j, zi j are the parametric and functional char-
acteristics of the elementary artefact components of the 
project that require elaboration.

According to hydrological and meteorological features, 
the projects are defined as either complex or regular.

The features associated with the underwater vehicle 
itself and its operational conditions are considered the 
most important classification criteria that influence the 
deep-water archaeological research projects. They are 
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Abstract. The author analyses the approaches to systematization of the types of economic 
activities which in their interconnection create an internal structure of maritime economy. The 
prospects of the development of humanity and the role of the World Ocean in its life have been 
outlined. Weighty arguments are given in favor of its increasing importance as for providing 
people with resources necessary for normal existence of the future generations. The opinion is 
given on the problems that business has to face in different fields of maritime economy, such 
as: extraction of resources, transport logistics, recreational sphere, creation and maintenance 
of material means for realization of business projects. The author also focuses on the emission 
and extraction nature of the companies operating in maritime economy. 
Keywords: economy; World Ocean; maritime economy; types of maritime business; struc-
ture of maritime economy; problems of development.
Аннотация. Проанализированы подходы к систематизации видов хозяйственной дея-
тельности, которые в совокупности и взаимосвязи образуют внутреннее строение эко-
номики моря. Очерчены обозримые перспективы развития человечества и место, кото-
рое отводится в них Мировому океану. Приведены аргументы в пользу возрастания его 
роли в обеспечении людей ресурсами, необходимыми для нормального существования 
ещё нескольких поколений землян. Изложены взгляды на проблемы, с которыми вы-
нужденно сталкивается бизнес в тех или иных областях морской хозяйственной дея-
тельности: добыче ресурсов, транспортной логистике, рекреационной сфере, создании 
и поддержке материальных средств осуществления предпринимательских проектов. 
Акцентировано внимание на эмиссионном и экстракционном характере предприятий, 
работающих в экономике моря. 
Ключевые слова: экономика; Мировой океан; экономика моря; виды морского бизнеса; 
строение экономики моря; проблемы развития.
Анотація. Проаналізовано підходи до систематизації видів господарської діяльності, 
які в сукупності й взаємозв’язку утворюють внутрішню будову економіки моря. Окрес-
лено доступні для огляду перспективи розвитку людства й місце, яке посідає в них 
Світовий океан. Наведено аргументи на користь зростання його ролі в забезпеченні 
людей ресурсами, необхідними для нормального існування ще кількох поколінь зем-
лян. Викладено погляди на проблеми, з якими вимушено стикається бізнес в тих чи 
інших галузях морської господарської діяльності: видобутку ресурсів, транспортній 
логістиці, рекреаційній сфері, створенні й підтримці матеріальних засобів здійснення 
підприємницьких проектів. Акцентовано увагу на емісійному й екстракційному 
характері підприємств, що працюють в економіці моря.
Ключові слова: економіка; Світовий океан; економіка моря; різновиди морського 
бізнесу; будова економіки моря; проблеми розвитку.
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Problem statement. Among the results of human 
economic activities on the planet over the last centuries, 
we can generally outline a few ones that have quite far-
reaching consequences. First of them is the gradual de-
pletion of non-renewable resources (coal, oil, ores, etc.), 
which are crucial for maintaining at least the existing 
level of the material living conditions of Homo sapiens.

The second consequence is a considerable deteriora-
tion in the state of the environment, including the impact 
of man-made disasters, the results of which are yet to be 
truly unraveled — namely, explosions and radiation leak-
age at the Chernobyl Nuclear Power Plant and the Japa-
nese Fokushima-1. The fire on the Deepwater Horizon 
platform in the Gulf of Mexico, the crash of the Prestige 
oil tanker and the explosion at the French chemical fac-
tory AZF, to name a few, are intimidating, but they can 
not be compared to the mentioned «apocalyptic grants».

What are the humanity’s reflections on the resulting 
risks and threats? Of all their diversity, the following two 
are dominant:

1. Growing (though carefully hidden behind «simple 
curiosity») panic and consideration of the space as an al-
ternative for the terrestrial civilization. For example, the 
European Space Agency has launched the interplanetary 
station Trace Gas Orbiter to deliver a robotic researcher 
on Mars; the NASA specialists plan to return to the Moon 
as part of preparation of an expedition to Mars; other ce-
lestial bodies of the Solar system are being checked for 
any signs of life. However, this prospect is obviously not 
for those living now, and even more so not for everyone 
living on the Earth in the future.

2. Rapid development of resources of the World 
Ocean, despite the fact that the conditions of long watch-
es, exhausting storms, and staying away from the land 
are associated with discomfort for a human being. Yet, 
the circumstances are pushing us further from the shore 
and deeper under the surface. It results in the develop-
ment of an independent and quite extensive area of busi-
ness called maritime economy [7, 8].

Recent research and publication analysis. It 
should be said that this topic has been neither extensively 

studied nor fully ignored by researchers. Some scholars 
have focused on the geographical aspects of the zoning 
of maritime and coastal economic activities [20, 17], as 
well as their spatial planning [18, 10]. Other specialists 
have studied the environmental problems of the eco-
nomic activities involving the use of natural resources 
[4, 24]. It seems reasonable to consider the pragmatic 
approach of S. Savelieva, A. Savelieva and I. Kozinsky 
[14]. Appealing to the realities of modern jurisprudence, 
they suggest allocating «water areas» on the basis of the 
international legal regulations which act within them. 
According to this classification, there are two types of 
maritime economic activities:

1. Maritime economic activities within the area of 
the state sovereignty (internal, territorial waters, the bot-
tom under internal and territorial waters, continental 
shelf). Here, the coastal states are fully responsible for 
the regulation of mining, fishing, and marine tourism. 
For example, Papua New Guinea has already settled the 
financial issues of granting Nautilus Minerals the rights 
to develop polymetallic sulphide deposits near the coast 
of this country. The plans for the nearest future include 
penetration into the exclusive economic zones and terri-
torial waters of Fiji, the Solomon Islands, New Zealand, 
and other countries [28].

2. Maritime economic activities in the open sea and 
on the seabed beyond the continental shelf, which are 
considered the common heritage of mankind. The re-
sources concentrated in them are intended for use in the 
common interests of all countries and not just the coastal 
and industrialized ones. It implies fair distribution of in-
come derived from the extraction of deep-water miner-
als. The International Seabed Authority (ISA) was estab-
lished to ensure compliance with these rules. So far, it 
has granted licenses for only research with the purpose 
of exploration and development of the technologies for 
exploitation of already discovered deposits.

In our opinion, the framework will be complete if 
one more zone is added to those mentioned above; it is 
maritime economic activity under mixed legal regulation 
(in the exclusive economic zone). It should be mentioned 
that the economic and legal implications of the UN’s 
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is annually extracted from the sea; this amount would be 
sufficient to fill the 37 largest Egyptian pyramids [29];

– ocean sources contain a large number of various 
metals in the volumes far exceeding their reserves avail-
able on land. For example, manganese nodules in the 
Clarion-Clipperton Fracture Zone (Fig. 2) of the Pacif-
ic Ocean contain about five billion tons of manganese, 
which is about 10 times more than that in the economi-
cally developed deposits on land [23].

 To date, the International Seabed Authority has is-
sued 12 exploration licenses in the zone. Their owners 
are China, the Russian Federation, France, South Korea, 
Japan, and the Interoceanmetal Joint Organization. The 
latter includes Bulgaria, Cuba, Poland, Russia, Slovakia, 
and the Czech Republic. Many seek to join the epochal 
projects, but Ukraine is not in their ranks. Back in the 
day, the institutes of the Academy of Sciences of the 
Ukrainian SSR, branch research institutes and design bu-
reaus («Okeanmash», «Yuzhnoye»), universities (State 
Higher Educational Institution «National Mining Uni-
versity», Donetsk National Technical University, Kyiv 
National University of Construction and Architecture) 
participated in appropriate research programs.

One more fact to stimulate the use of marine re-
sources is that the reserves of some materials on land 
are approaching exhaustion and, therefore, the search 
for their substitute in offshore zones becomes an objec-
tive necessity. One example is the rare-earth metal neo-
dymium, which is used for producing wind generators 
and permanent magnets, for doping structural alloys and 

adoption of the Convention on the Law of the Sea have 
been analyzed in publication [9]. However, it seems that, 
for example, fishing does not change its essence depend-
ing on the legal type of the water area where the fisher-
men throw their trawl overboard.

THE ARTICLE AIM is to systematize the types 
of maritime economic activities with account for their 
ever-growing role. The relevance of such systematiza-
tion is caused, on the one hand, by the intention to define 
the subject area of the corresponding scientific research 
and, on the other hand, by the aspiration to accurately 
and unequivocally present the diversity of spheres for 
application of the free capital owned by Ukraine’s en-
trepreneurs and foreign investors. They will certainly 
get interested in the business and joint projects grant-
ing access to the last natural reserve which still has  
potential.

Basic material. The key to understanding the en-
dogenous structure of maritime economy is the people’s 
needs which make them turn to marine resources. The 
systematization carried out using this criterion is shown 
in the diagram (Fig. 1). Let us consider it in detail. The 
use of the mineral resources of the World Ocean (index 
ІІ.1.а) is driven by the following motivation:

– they are an alternative capable of eliminating con-
flicts caused by sovereign rights to the land in which and 
under which the minerals are contained;

– countries which need them are able at least to re-
duce the dependence on traditional exporters of natural 
resources: only in Europe about 93 million tons of sand 

Fig. 1. The World Ocean as the sphere of application of business activities of mankind
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shelf depends on their market prices. They are chang-
ing not only under the influence of fluctuations in sup-
ply and demand, improvement of extraction and pro-
cessing technologies; they also depend on the political 
conjuncture. Suffice it to mention the current rampant 
extremism in the oil-producing countries and the tense 
relations between Russia and the Western world. On the 
one hand, the 2015 – 2016 decline of oil prices more than 
by 60% (to $46 per barrel) undermined the economies 
of the states which are directly dependent on oil exports 
(Venezuela, Nigeria). On the other hand, it questioned 
the feasibility of oil exploration and production by de-
veloped countries. More than 250 thousand people in the 
world lost their jobs in the oil and gas industry, a half 
of them accounts for the USA [34]. However, at the oil 
price of $100 per barrel, the total gross revenue from the 
sale of offshore oil exceeds the expenditures so much 
that it makes this business quite attractive.

The explanation resides in the fact that oil extraction 
from underneath the seabed is accompanied by enormous 
investments. At present, the price of a drilling rig ranges 

modifying high-quality steel, as well as for producing 
purple glass, which among other things is widely applied 
in smartphones and tablets.

If we are to take into account the seabed, it is divided 
into continental shelf and abyssal plain. The former has 
been studied sufficiently and is being actively developed. 
The main problem here is prevention of probable entre-
preneurial conflicts by the methods of administration of 
marine areas. One of them is the marine spatial planning, 
which aims at rational organization of marine areas, as 
well as balanced interaction of particular types of mari-
time economic activities.

Comprehensive marine management plans have been 
developed and approved by many coastal states. The ex-
amples include the Integrated Management Plan for the 
North Sea in the Netherlands and the Integrated Man-
agement Plan of the Marine Environment of the Barents 
Sea and the Sea Areas off the Lofoten Islands in Norway. 
Similar measures have been introduced by the USA, the 
UK, Canada, Australia, and China. Application of ma-
rine spatial planning in Belgium and the Netherlands was 
driven by the need to resolve contradictions between the 
enterprises investing in offshore wind parks, extraction 
of building materials (such as sand and gravel), arrange-
ment of visits to historical and archaeological sites, and 
fishing. In Belgium, there even has been created the post 
of Minister for North Sea Affairs.

As for the abyssal plain, firstly, it is beyond jurisdic-
tion of coastal states. Here dominates scientific research 
intended to elaborate the technological, legal and envi-
ronmental aspects of access to the resources concentrat-
ed in this area.

Secondly, there are severe requirements for the de-
vices used at great depths. For example, Germany, South 
Korea, Japan and other countries are intensively working 
on the creation of special equipment for the collection of 
manganese nodules. The pilot samples that have already 
been tested require improvement. They should withstand 
the high pressure characteristic of profound depths and 
provide reliable operation for a long time because their 
maintenance and all the more so repair are extremely ex-
pensive. 

Thirdly, the consequences of using the present-day 
technologies are harmful for underwater ecosystems. Af-
ter all, this is about extracting many hundreds of thou-
sands of tons of the raw material from underneath the 
water column by plowing the seabed, cleaning the nod-
ules, and transferring them to ships (Fig. 3). The world 
community’s concern on this matter is another factor of 
constraining the impatient (when it comes to profit) busi-
ness.

Fourthly, the practical interest in the extraction of 
resources of the World Ocean beyond the continental 

Fig. 3. Scheme of extraction of manganese nodules from the 
seabed [26]

Fig. 2. Clarion-Clipperton Fracture Zone 
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ME = QL : 7000 × MN,

where ME is the mass of the appropriate quantity of fuel 
equivalent, kg; MN  is the mass of natural fuel, kg (for 
solid and liquid fuel) or m3 (for gaseous fuel); QL is 
the lowest calorific value of the specified natural fuel,  
kcal/kg or kcal/m3.

However, a number of constraints are to be overcome 
on the way to this goal, in particular:

– low energy concentration in water masses, which 
necessitates construction of  cumbersome facilities and 
processing of huge volumes of water in order to obtain 
the necessary amount of heat and electricity;

– technological complexity of the transfer of the gen-
erated energy to the shore;

– instability of the oceanic environment, which 
causes an uneven (or even accidental) nature of the en-
ergy release and fluctuations in the intensity of its forma-
tion (i. e. waves);

– significant capital intensity of the construction of 
hydraulic facilities and yet to be clarified consequences 
of their influence on the environment. In this context, it is 
important to predict and prevent the irreversible changes 
in the environment due to the conversion of natural en-
ergy into the required form.

The World Ocean is also a source of natural and arti-
ficially grown marine industrial organisms and algae (in-
dex I.c). The latter is referred to as mariculture, which is 
an important part of the food industry in many countries 
(Canada, Norway, the USA, and Chile). It is noteworthy 
that more than 99 % of all the Atlantic salmon (which is 
more than 60 % of the total population of this species) 
live in marine gardens [12], being a priority in many 
areas and for many enterprises. For example, Japan has 
developed and is already implementing the expansion 
program for marine farms with an average capacity of 
8 – 9 million tons. It is supposed to satisfy a half of the 
population’s demand for fish and seafood.

As for Ukraine, virtually its entire Black Sea coast 
and the water area of the Azov Sea is a favorable space 
for breeding oysters, rapans, and mussels. By the way, 
they are also a means of biological cleaning of seawater. 
Within 1 m3 of the so-called «mussel bed», the mollusks 
filter 50-90 m3 of water in 24 hours. At that, the number 
of pathogenic bacteria in it is reduced by half. This pe-
culiarity may well offer the prospects of creating a new 
medicine against intestinal infections which would be 
more effective than the antibiotics available now.

In this context, we cannot but rejoice over renew-
al of the seafood production on the basis of the former 
Yagorlytsky experimental and industrial mussel-oyster 
farm (the village of Pokrovka located on the Kinburn 
Spit in the Ochakovo district of the Mykolaiv region). 

from 25 to 180 million dollars, and that of an oil platform 
reaches 2 billion dollars [2]. The bandwidth is formed 
under the influence of a number of factors: structural fea-
tures of the facility, hydrology, geology, ice conditions, 
and meteorology. For example, drilling one well in the 
Mexican or Persian Gulf costs about one million dollars, 
while for the Beaufort Sea or the Bering Sea the costs go 
up to 70 – 90 million dollars [16].

Fifthly, according to the data presented at the last In-
ternational Economic Forum in Davos, the cost of the 
solar energy production had been reduced by 80% com-
pared to 2009. Besides, the costs of wind energy have 
decreased by 30 % over the past three years. It follows 
that in the coming years, the prices for fossil fuels will 
become equal to the prices for energy from renewable 
sources [32]. Traditional technologies are going to have 
real alternatives with the expected redistribution of capi-
tal flows.

Mankind is looking more and more closely to the 
unique renewable, environmentally friendly energy 
sources cumulated in the World Ocean (index I.b). Here 
are the reasons for it:

1. Frequent man-made disasters during oil and gas 
extraction, which are accompanied by the death of ma-
rine mammals, birds, and fish, as well as the damage to 
tourism business and coastal ecosystems. This was par-
ticularly the situation on the Deepwater Horizon plat-
form (2010), when the explosion and the subsequent fire 
resulted in 5 million barrels of oil flowing into the Gulf 
of Mexico (one barrel is 158.988 liters).

2. Ability to eliminate the problems caused by deple-
tion of some of the Earth’s resources. In the world energy 
balance, 97 % of the needs are covered by non-renewable 
sources. With the projected average increase rate of about 
4 % for annual energy consumption, the world’s coal, oil 
and gas reserves will last for 100 – 150 years [11].

3. Fuel, nuclear, and thermonuclear energy transfers 
part of the heat to the atmosphere. Presumably, the level 
of this heat reaching 5 % of the solar radiation arriving 
at the Earth will lead to irreversible changes in the heat 
balance and, as a consequence, in the climate.

4. World consumption of all types of energy is at the 
level of 10 billion tons of fuel equivalent per year. The 
mankind can get up to 200 billion tons of fuel equivalent 
from the energy accumulated in the ocean over the same 
period, thus resolving one of the most urgent present-day 
problems. Recap: fuel equivalent is the indicator used for 
comparing the effectiveness of the organic fuel variet-
ies and their total accounting. One kilogram of fuel with 
the calorific value of 7000 kcal is taken as a unit of fuel 
equivalent. The relationship between fuel equivalent and 
natural fuel is calculated with the help of the following 
formula: 



ИССлЕДОвАНИЯ И РАзРАБОТКИ

№2 (8) 2017 smi.nuos.edu.ua    smi@nuos.edu.ua

165

observation seems adequate, since container shipping 
has reduced transportation costs significantly due to the 
acceleration of loading and unloading, reduction of the 
number of dock workers, and improvement of the tech-
nologies in all sections of the supply chain.

This phenomenon can be explained in the following 
way:

1. The price of marine transportation is much lower 
than that for any other means of transport. This is espe-
cially true for the so-called bulk cargo transported over 
long distances. Perhaps, the only exception is pipelines, 
but their product specialization is limited for obvious 
reasons (and they can also be laid along the seabed). The 
calculations in [3] indicate that the marine transportation 
component of the price of goods is very small: 2 % for 
television sets, no more than 1 % for a kilogram of cof-
fee, etc. This is caused by the following factors:

–the effect of the scale: the more cargo is loaded on 
board, the cheaper is the delivery of a unit of cargo;

–the ship owners’ benefit from the introduction of 
innovations in industrial countries (design methods, eco-
nomic feasibility of the ship equipment, ship construction 
and management automation), as well as relatively low 
construction costs and wages of crew members originat-
ing from developing countries;

–extending differentiation in the purpose of the ves-
sels under construction, which accelerates cargo han-
dling.

2. In a number of cases, ships are the only means 
of transcontinental transportation of thousands of tons 
of cargo. The cargo component should be empathized, 
since aviation ranks the first in passenger transportation 
between continents. Water transport is now used only for 
short routes in the coastal waters, and also in the Baltic, 
Northern, Mediterranean, Black and Azov Seas (if con-
sidering Europe).

3. According to the forecasts of specialists [27], by 
2025 the number of participants in sea cruises will have 
increased up to 36.4 million people (by 12.4 million 
more than in 2015). This segment of the tourism market 
is developing rapidly like no other.

Transportation of goods is preceded by their han-
dling in ports (index II.2.b).

It is suggested to extend it to the mussel fields of the 
Dzharylgach and Karkinitsky Gulfs of the Black Sea 
(Skadovsky district in the Kherson region). The project 
includes restoration of the Ochakiv mussel-oyster plant, 
once known for its products to the entire former Soviet 
Union.

At the same time, it is impossible to ignore the re-
quirement to closely follow the proper technology of 
growing fish and seafood. Alas, the real practice fre-
quently involves using polluted water bodies for these 
purposes, exceeding the number of living organisms in 
one cage (which entails their diseases), using excessive 
portions of antibiotics and pesticides to treat parasites, as 
well as growth hormone accelerators.

In order to increase the effectiveness of catching bio-
logical resources in the natural environment, it is neces-
sary to undertake the following steps:

– studying biota, which is the population of living or-
ganisms of the World Ocean, in order to identify hitherto 
unknown objects of fishing;

– opening new areas for fishing, improving vessels 
and fishing gear;

– fulfilling the condition of sustainable development 
of the relevant business, according to which the volume 
of living organisms caught during a given period (Ot

C ) 
should be less than the volume of their natural reproduc-
tion (Ot

RE):

Ot
C < Ot

RE.

The World Ocean is also a logistic sphere (index 
ІІ.2). First, there is a rapid increase in the volume of 
transportation (code ІІ.2.а). The United Nations Devel-
opment and Trade Commission (UNCTAD) states that 
sea vessels transport almost 90 % of the world’s goods 
[33]. This is illustrated by statistics as well (Table 1). 

The results of the analysis of the above informa-
tion indicate that since 1980 the volume of transporta-
tion has increased worldwide by 301.0 % due to the 
use of 89,464 vessels [31], whose total deadweight was 
1,745.9 million tons as of 2015 [36]. The reactive in-
crease of container shipping is quite noteworthy. It has 
grown by 16 times since 1980 and is regarded as the 
greatest transport revolution of the last century. This 

Table 1. International maritime transportation, million tons (loaded) [21, p. 6]

Year Oil and gas Bulk cargo* Loose cargo Containers Total
1980 1871 608 1225 102 3806
2000 2163 1295 2526 598 6682
2005 2422 1709 2978 969 8078
2010 2772 2335 3302 1280 9689
2014 2826 3112 3903 1631 11455

____________

* Note: iron ore, grain, coal, bauxite, alumina, phosphorites
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2. Resort (medical component). It is based on the 
mobilization of favorable balneological factors (sea 
water, air, mineral waters, medicinal muds) to fix one’s 
health issues and recover one’s vitality.

3. Educational component, which can be considered 
separately, but mostly supplements the above types of 
recreation. It suggests organization of tours to architec-
tural sites, historical and cultural attractions (including 
those located in the coastal regions on land), acquain-
tance with local ethnographic features, unique natural 
phenomena, excavations of ancient civilizations.

4. Entertaining component. It is associated with 
beach services well-known to many: equipment for 
a comfortable stay on the beach, catering, water rides 
and playgrounds, paragliders, flyboards. This component 
supplements each of the types of recreation mentioned 
earlier.

The recreational activity has the medical function, 
the sociocultural function, and the function of economic 
development, all of which are interrelated. The success 
of the latter is represented by numerous examples of Bul-
garia, Egypt, Thailand, Turkey, etc. Each year these coun-
tries increase the volume of tourist flows and improve the 
material base of the recreation organized there.

Despite being quite attractive, the recreational busi-
ness can adversely affect coastal ecosystems. There are 
several reasons for that, and the first one is the abnormal 
concentration of people in the recreation sites. This is 
why the following condition must be satisfied:

Khol.cz
max + Kst.cz

max ≤ Ecz.

It means that the number of holidaymakers in the 
coastal zone (Khol.cz

max) together with the staff of that zone 
(Kst.cz

max) during the peak of the holiday season should not 
exceed the adequate capacity of the coastal zone (Ecz).

Secondly, investors tend to violate the requirements 
for the location of medical, tourist and infrastructure 
facilities (incl. transport, sanitation, and waste manage-
ment). As a result, the stability of the sea shores is de-
creasing, the quality of coastal waters is deteriorating 
(among other things, due to their bacterial pollution), and 
beaches are disappearing. Here are the measures neces-
sary to eliminate these issues:

–to comply with the environmental legislation and 
building codes when constructing health resorts;

–to use spatial planning methods for the develop-
ment of resort infrastructure and level it up with other 
types of maritime economic activities;

–to expand and renovate sewage treatment facilities 
in coastal cities, to repair deep-water sewage discharge 
points and bring their depth to the normative level;

–to build environmentally friendly recycling termi-
nals in large recreational centers.

Taking into account the existing restrictions, let us 
list only the operations performed there:

– cargo measurement, weighing and assembly, mark-
ing, sorting, packing;

– bringing the cargo to the condition necessary for 
subsequent transportation, its technological accumula-
tion (for example, to the size of a shipload);

– consolidation and formation of packages;
– cleaning of ship holds after unloading;
– loading and unloading of goods, their fastening, 

stowing (placement of cargo in the ship hold for the ra-
tional use of free space), tying, moving;

– opening of the cargo packages for quality inspec-
tion, grading of the content, bringing it to a transportable 
condition;

– subgrouping of the cargo imported at different 
times for the formation of ship parties by countries, ports 
of destination, as well as individual parties;

– assembly and disassembly of special devices used 
for loading (unloading) production equipment and trans-
port vehicles from railway platforms;

– registration of transportation documents.
It should be noted that Ukraine has the greatest port 

potential in the Black Sea-Azov basin with its 30 full-
scale ports and port stations. The total length of berthage 
exceeds 30.8 km. Its operation, as well as that of adjacent 
enterprises, is provided by about 600 port cranes, thou-
sands of loaders of various types and purposes and other 
vehicles. More than 313 thousand m2 of covered ware-
houses and over 2.2 million m2 of open areas are at the 
dock workers’ disposal [10]. Meanwhile, its mobilization 
is hampered, particularly by the following factors:

– numerous port charges, such as administrative, 
channel, ship, lighthouse, berthing, sanitary, mooring 
and anchorage charges; their total number is about 20, 
and they negatively affect the cost of ship calls, making 
them uncompetitive;

– non-transparent tender procedures, including those 
for dredging, modernization and construction of berths;

– insufficient level of transport infrastructure, which 
reduces the overall effectiveness of logistic chains;

– the volume of the ship loads limited by the actual 
depth of the ports.

Oceans and seas also have a great recreational po-
tential (index ІІІ), recreation being the refreshment of 
health or spirits by relaxation and enjoyment. The fol-
lowing components of this potential deserve particular 
attention:

1. Sports and health component. In turn, it is divided 
into the water and underwater subsystems; each of them 
has its own internal structure. For example, underwater 
recreation consists of fishing, educational and archaeo-
logical recreation.
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– engineering facilities developed recently are ex-
tremely complex, equipped with a lot of electronic devic-
es and systems besides the mechanical ones; a properly 
planned and highly professional service is required for 
all of them to function properly and provide the safety of 
passengers, crew, and cargo;

– despite the aspiration to reduce the construction 
costs, new ships remain extremely expensive, which en-
courages ship owners to look for acceptable strategies 
for extending their life cycle;

– the high demand favorably affects the prices of the 
corresponding works, and shipyards openly show their 
interest in orders, which is proved by the data shown in 
Fig. 4. In comparison with 2009, by 2014 the demand 
for ship repair had increased by 60 % (that for shipbuild-
ing – by 12 %). The year of 2017 is expected to bring an 
increase of 110 % [19]. 

One cannot ignore the indisputable fact that re-
pair often results in the change of individual technical 
characteristics, the shape of the hull and superstruc-
tures, and even designation of ships. A new main or 
auxiliary engine(s) can be installed, interior finish-
ing can be re-planned or changed, and services can be 
equipped with additional functional devices. Surely, such 
works require meticulous elaboration of design proj-
ects. Here resides the economic reason for the growth 
of market demand for another type of maritime busi-
ness — engineering. Like all of the above, it is indeed 
unthinkable without research and training of competent  
personnel.

It should be noted that, depending on the nature of 
access to resources, the activities constituting maritime 
economy are positioned as follows:

– extraction activities involve withdrawing marine 
resources from the natural environment, voluntarily or 
involuntarily depleting it (i.e. extraction of minerals, 
fishing);

Another type of maritime economic activities deals 
with formation and maintenance of the material supplies 
for maritime economy (index IV). This refers to ship-
building and ship repair. Their significance is caused by 
the fact that ever since the end of the last century, mari-
time economy has been developing at a rate exceeding 
that of the world economy as a whole [5]. Not surpris-
ingly, it requires technical facilities with the following 
features:

– capable of solving new (in terms of volume and 
complexity) tasks related to the development of the 
World Ocean;

– having the minimum harmful impact on the envi-
ronment or even having none; it is stipulated by the EU 
strategy on providing leadership in shipbuilding, which 
outlines the main priorities of the member countries and 
business entities within their territories: innovation, ori-
entation to high-technology markets, elimination of air 
and water emissions [25];

– having the maximum available operational eco-
nomic efficiency.

By the end of 2014, the shipyards of China, South 
Korea, Japan, the European Union and other shipbuilding 
giants had ordered 5,000 ships with a total deadweight of 
308 million tons and a contract value of $305 billion [6]. 
The dynamics of their number (by individual types) is 
presented in Table 2.

As we can see, during the period under consider-
ation, the number of vessels has increased by 39%, their 
deadweight – by 94.3 %. The subsequent agenda includes 
compensation of natural loss caused by dismantlement. In 
2014, 1026 «veterans of the fleet» were subject to it [15].

Ship repair is becoming increasingly popular. There 
may be the following explanations for this fact:

– the increase in the world fleet illustrated above, 
which suggests an obvious pattern: the more ships are 
built, the more ships need to be repaired;

Table 2. Characteristics of the world merchant fleet [22, 35]

Type
Quantity Deadweight, thousand tons

2005 2013 2014 2005 2013 2014
General cargo ships 15869 16201 16218 51081 57739 58209
Specialized cargo ships 192 263 267 1398 3602 3858
Container ships 2996 4894 5084 82843 184927 206128
Ro-Ro boats 1384 1455 1482 29804 45181 47333
Bulk carriers 6321 10357 10996 176756 383987 409915
Oil and chemical tankers 9130 11996 12363 179916 286821 296896
Gas carriers 1080 1617 1703 25199 51966 56654
Other tankers 350 764 851 785 1348 1606
Passenger ships 5771 6463 6612 26465 35416 36547
Offshore ships 3692 7440 8030 15097 29604 34685
Serving ships 3723 4613 4795 8229 9155 9947
Tugs 10061 15521 16693 2752 4370 4681
Total 61227 81584 85094 600325 1094026 1166459
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not be considered in isolation. For decades, governments 
of developed countries have implemented an integrated 
approach to them. In this way, it is possible not only to 
avoid conflicts among entrepreneurs, but also, and most 
importantly, to develop marine business on a sustainable 
basis. The accumulated experience is of great value and 
worth to be followed.

2. It is unnecessary to waste efforts on campaigning 
and propaganda. As shown by vast evidence, the slight-
est delay in participation in the unfolding competition 
for access to the resources of the World Ocean dooms 
outsiders to an unenviable future. For this reason, the 
scientific community has to launch an urgent, productive 
discussion in order to analyze the current state of affairs. 
Meanwhile, the civil society should make politicians pay 
attention that the following steps need to be taken:

– outlining the position of the state in this sphere, 
which can start with an open dialogue on the develop-
ment of the concept of a new edition of the Naval Doc-
trine, saving the future document from verbiage and pre-
tentiousness;

– creating the necessary conditions for intensification 
of the business activity in the areas of maritime economy 
that are available to Ukraine, at least eliminating the ob-
stacles systematized in this publication;

– developing a strategy for increasing the state’s 
presence in the World Ocean, including mutually benefi-
cial cooperation with partner states and companies.

– emission activities employ the marine areas to 
fulfill their purpose (recreation, marine transport, port 
facilities, shipbuilding, hydrotechnical and coastal build-
ing construction) and release various foreign substances 
(including contaminants) in the environment;

– innovative activities deal with protection of re-
sources and protection of the marine environment.

Let us conclude with the structure of income gen-
erated by the economic activities in the World Ocean 
(Table 3). 
Table 3. Structure of income generated by development of the 
World Ocean 

Type of economic activities Share, %
Oil and gas extraction from the sea shelf 35 – 40
Marine trade shipping 30 – 35
Marine fishing 10
Other economic activities: extraction of solid 
minerals from underneath the seabed, fish and 
seafood processing on floating platforms, ma-
rine chemistry, energy production by means of 
unconventional methods, seawater desalination, 
passenger transportation, etc.

25 – 15

The lion’s share (more than 75%) accounts for the 
leading countries, such as the US, Japan, the UK, France, 
Germany, Canada, and recently – China. Other countries 
lack financial resources and professional competence.

CONCLUSIONS. 1. From the standpoint of a sys-
tems approach, marine economy is represented by close-
ly interconnected types of economic activities that can-

Fig. 4. Share of ship repair in some of European countries [19]
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Abstract. Based on the views of predecessors, the authors have examined the essence of rent 
and rental relations as essential economic and legal categories. The growth of their importance 
in the rapid development of the world’s maritime economy is highlighted, as is the exhaus-
tion of natural resources that ensure human life and activities. The negative consequences 
of the authorities’ irresponsibility towards the improvement of rental relations are outlined. 
The paper also systematizes the types of rental payments that have become widespread in 
Ukraine, their functions, types of rental rates, and areas of their application. There are demon-
strated techniques of calculating the amount of rent paid by the business. The article presents 
complex research problems which require further elaboration: rental relations in maritime 
economy, methods for calculating rental rates for the use of marine resources, techniques of 
rent levy for the benefit of the state and local budgets, and mechanism of its subsequent use. 
Keywords: maritime economy; rent; rental relations; rental income; rental payment; type of 
rent; rental rate.

Аннотация. Опираясь на взгляды предшественников, рассмотрена сущность ренты 
и рентных отношений как важнейшей экономико-правовой категории. Подчёркнуто 
возрастание её роли по мере бурного развития морской хозяйственной деятельности 
в мире и вызванного им исчерпания важнейших ресурсов, обеспечивающих жизнедея-
тельность человека. Изложены негативные последствия легкомысленного отношения 
власти к совершенствованию рентных отношений. Систематизированы виды рентных 
платежей, которые получили распространение в Украине, функции, выполняемые ими, 
а также виды ставок и области их применения. Продемонстрированы методики рас-
чёта сумм ренты, изымаемой у бизнеса. Сформулирован вывод, о том, что рентные 
отношения в данной сфере, методы исчисления ставок платы за используемые морские 
ресурсы, способы изъятия ренты в доход государства и местных бюджетов, механизм 
её последующего использования являются сложными научными проблемами, требую-
щими тщательного исследования.
Ключевые слова: экономика моря; рента; рентные отношения; рентный доход; рентные 
платежи; виды ренты; ставки рентных платежей.

Анотація. Спираючись на погляди попередників, розглянуто сутність ренти та рентних 
відносин як найважливішої економіко-правової категорії. Підкреслено зростання її ролі 
разом з бурхливим розвитком морської господарської діяльності в світі і обумовленого 
ним зникненням найважливіших ресурсів, що забезпечують життєдіяльність людини. 
Викладені негативні наслідки легковажного ставлення влади до вдосконалення рентних 
відносин. Систематизовані види рентних виплат, які набули розповсюдження в Україні, 
функції, які вони виконують, а також види ставок та області їхнього застосування. Про-
демонстровано методики розрахунку суми ренти, яку вилучають у бізнесу. Сформульо-
вано висновок, що, рентні відносини у даній сфері, методи розрахунку ставків плати 
за використані морські ресурси, способи вилучення рента в дохід держави та місцевих 
бюджетів, механізми її подальшого використання є складаними науковими проблема-
ми, що потребують ретельних досліджень.
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Problem statement. Scientific, political, media and 
business communities are being increasingly involved in 
the discussion of compensated use of natural resources, 
which is fueled by abundant evidence of gradual exhaus-
tion of some types of resources. Until recently, it has 
mainly concerned the earth and the minerals extracted 
from its bowels, but currently the focus is clearly shifting 
to the riches of the World Ocean – primarily, the biologi-
cal ones.

Supporters of various scientific approaches, points 
of view and theories are far from reaching consensus on 
the methods of determining the amount and the way of 

collection of the payments submitted for the right to har-
vest the biomass contained in the sea column, extract oil 
or gas on the continental shelf, or build offshore wind 
farms. There is only one issue that is unanimously agreed 
upon: payment for the use of marine resources is an ef-
fective instrument for regulating economic activities and 
identifying their trends in the interests of all the citizens 
of coastal states.

There are particular reasons for which some business-
men are not quite enthusiastic about compensated use of 
the resources of the World Ocean. First, they regard it as 
a violation of their unalienable rights. There is certain dis-
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experts of the Association of Fishermen of Ukraine, the 
Black Sea has gone from being the world’s most pro-
ductive sea to supplying the poor remnants of Black Sea 
sprat, European anchovy, and gobies.

Another phenomenon resulting from the lack of 
initiative is artificial limitation of the budget revenue 
at every level, from the state budget to the budgets of 
united territorial communities. This is despite the fact 
that Ukraine is famous for its plentiful natural resourc-
es; suffice it to mention the ore reserves (iron, titanium, 
zirconium, manganese, uranium). Meanwhile, the coun-
try’s continental shelf has been explored by no more than 
10 %.

Finally, the political indifference described above re-
sults in further aggravation of social inequality, as state-
paid social groups are getting poorer and poorer, and oli-
garchs with their inner circle (including corrupt officials) 
are getting richer and richer. For instance, the State Audit 
Service has investigated the activities of the NJSC Naf-
togaz of Ukraine and revealed that four members of the 
management board received remuneration in the amount 
of 50.8 million hryvnias in 2016 [6].

Charging a price for the use of terrestrial natural re-
sources (fertile land, minerals, and forests) seems to be a 
completely different issue. It has a centuries-old history 
and is therefore perceived as something natural, even 
taken for granted. As a rule, only the amount of rent, 
the cost of patents and other similar details are subject 
to discussion. However, this sphere is also problematic. 
According to the State Fiscal Service of Ukraine, rental 
payments make up one of the largest shares in tax ar-
rears, ranking second as seen in Fig. 1. 

It is peculiar that the enterprises specializing in crude 
oil and coal extraction turned out to have the largest tax 
debts, and such a state of affairs remains unchanged for 
quite a long time.

Latest research and publication analysis. The idea 
of collecting natural rental income for the benefit of so-
ciety appeared at the dawn of formation of political eco-
nomics as a science. In “An inquiry into the nature and 
causes of the wealth of nations”, Adam Smith made a 
summary of his own and his predecessors’ opinions. He 
empathized that, at equal capital and labor costs, a sub-
stantial difference in the possessed land (or other natural 
resources) in terms of its productivity and location (re-
moteness from the market) inevitably resulted in the ad-
ditional income for those who cultivate the soil or extract 
raw materials in more advantageous conditions.

At the time the book was published (almost two and 
a half centuries ago), rent was perceived as a payment to 
the landowner for the permission to use fertile soil, forest 
wood, pastures, etc. According to Adam Smith, the own-

trust towards the way state institutions distribute the in-
come received from rental payments and whether all of it 
is used to develop the maritime infrastructure. Second, it 
is perceived as an increase in tax pressure on commodity 
producers. Being excessive, such a pressure challenges 
the success of entrepreneurship, repels the investors who 
are already few, and completely destroys the initiatives 
of self-employment — especially in those areas where 
maritime economic activity is the only available option. 
A typical example of the latter is the Kinburn Peninsula, 
which separates the Dnieper-Bug estuary from the Black 
Sea. Provision of recreational services, agriculture and 
marine fishing are the only sources of income of its in-
digenous population making up about 800 people.

Analysis of numerous examples shows that the prob-
lem of charging a price for the use of marine resources is 
more than relevant for our country. Unfortunately, rental 
relations are forming too slowly. Throughout the years of 
Ukraine’s sovereignty, there have been only few heads of 
the government, cabinets of ministers, specialized min-
istries and departments that considered resource fees in 
the context of reforms covering the appropriate financial 
and economic system.

Negative consequences of the indifference towards 
the issue appall with their variety [1, p. 182 – 184; 
2, p. 46 – 57]. Let us render some of them.

First, it is a drop in the production volume of mari-
time enterprises, their gradual drifting to the shadow and 
opting for poaching. According to the State Agency of 
Fisheries of Ukraine, 60 % of the fish coming to the do-
mestic market is caught illegally. The agency specialists 
state that the declared volume of production in inland 
water bodies and seas in 2016 amounted to 80 000 tons, 
whereas the real number makes up about 200 000 tons, 
the difference being the volume of the black market [3].

The second consequence is the increasing depen-
dence of domestic consumption on imports. In Ukraine, 
the latter accounts for more than 85 % of all the fish 
products sold. The dependence on supplies from abroad 
has not only captured our market, but also affected retail 
prices. Over the past few years, the prices have grown 
so high that the valuable food product became unaf-
fordable to the general public. While the total sales in 
2013 amounted to 415 000 tons, in 2016 they reduced by 
33.6 % to 295 400 tons [4]. Besides, the market is domi-
nated by low-cost species (merluccid, scomber, sardine, 
hake, pollock, capelin).

Mistreatment of the problem also leads to depletion 
of biological resources in the coastal waters. For exam-
ple, those of the Azov Sea are close to exhaustion. Over 
the last 10 years, fish capture has decreased by more than 
20 times for redlip mullet, by 5 times for sander, and 
by 7 times for Black Sea turbot [5]. As declared by the 
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– outer space (satellites move along the given orbits, 
allowing us to track the location of vessels, promptly re-
act to abnormal situations, and monitor compliance with 
the traffic schedule and routes;

– radio frequency bandwidths used to transmit and 
receive radiograms between ship and coast radio sta-
tions;

– the atmosphere. The Kyoto Protocol allows au-
thorities to allocate or sell permits to discharge specific 
quantities of a pollutant per time period (the practice is 
also known as emissions trading) [10]. By the way, the 
so-called environmental tax has also been introduced in 
Ukraine. It makes up a ridiculous amount of 37 kopi-
ykas for one ton of carbon dioxide emissions (as of early 
2018). For comparison, a similar tax makes up 118 eu-
ros in Sweden, 54 – 58 euros in Finland, 3 – 47 euros in 
Norway, 23 euros in Denmark, 22 euros in the UK, and 
1 euro in Poland [11]. Under such circumstances, only 
a total industrial collapse would save the population 
from having to breathe polluted air.

A notable contribution to the development of the 
rent theory was made by Alfred Marshall [12] and Karl 
Marx [13]. The latter advocated that rent (particularly, 
on land) was a converted form of added value, like cor-
porate profit or income on invested capital. Therefore, 
it requires appropriate distribution with account for the 
interests of those parties that promoted its generation. As 
the eminent theoretician believed, the resource nation-
alization could resolve the problem dramatically, but it 
would result in the disappearance of the class of prop-
erty owners and the notion of absolute rent as such. As 
for differential rent, under such circumstances, it is spent 
entirely to fund the projects beneficial for the country’s 
entire population.

The Nobel Prize winner Paul Samuelson [14, Ch. 27] 
and many other researchers [15, 16, 17] also paid atten-
tion to the topic. One way or another, the approaches they 
proposed come down to the fact that natural rent must be 
collected to the state’s budget. The scientific arguments 
are presently supported by national legislation, relevant 
normative acts, and international agreements.

A special place among the latter is occupied by the 
United Nations Convention on the Law of the Sea [18]; 

ers of coastal lands received rent for granting access to 
marine resources as well.

As rendered by the scientist, the sea near the Scottish 
Isles was particularly replete with fish, and fishing provid-
ed a significant share of income for their inhabitants. Yet, 
they had to dwell on the coastal areas in order to make use 
of the marine resources. In this case, the landowner’s gains 
comprised much more than those received from farmers, 
who only cultivated soil, since the coastal dwellers ben-
efited from the land and the sea. They partly paid for the 
land with the fish they had caught. This is one of the few 
examples when rental income was an integral part of the 
price of fish [8, Ch. XI]. This information is valuable be-
cause it evidences the appearance of economic activity in 
the World Ocean as a subject of scientific discussion.

In the era of the Great Industrial Revolution, David 
Ricardo, an outstanding English economist, drew the 
public’s attention to the fact that rental income increased 
not only due to the private property and differences in 
land fertility or location, but also due to resource con-
straints: “If such common natural values as air, water, va-
por tension and atmosphere pressure were heterogeneous 
in their qualities, if they could be turned into property, 
and if each grade were be limited, they would generate 
rent as the lower grades are being employed, just like 
the land does. With each transition to a lower grade, the 
cost of the goods the grade is applied to would increase, 
since the same amount of labor would result in a smaller 
amount of goods” [9, Ch. ІІ].

Let us get back to the 21st century. The extreme heat 
wave in the summer of 2015 affected Europe to such 
an extent that the asphalt of German (!) autobahns got 
bubbled, creating accident-prone situations. This assured 
even the most unpersuadable skeptics that human eco-
nomic activity not only has the ability to, but actually is 
changing the climate. The restrictions are growing up like 
a snowball and lead to the formation of rental income in 
the spheres where it previously appeared unimaginable. 
It brings access to:

– drinking water subject to special treatment before 
use;

– clean air (oxygen bars have already become the re-
ality in the cities of Japan and the USA);

Fig. 1. Tax arrears to the state budget in 2016, mln. UAH [7]
Fig. 1. Tax arrears to the state budget in 2016, mln. UAH [7] 
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ent-day industry. Numerous producers create the neces-
sary material living conditions for hundreds of millions 
of people by using its vast resources [20]. In Ukraine, 
they are divided into resources of national and local im-
portance. The complete classification is presented in the 
diagram of Fig. 2. The resources utilized in maritime 
economy are highlighted in bold. Being extracted from 
their natural environment, they are subsequently turned 
into property and, finally, into a commodity, acquiring 
the ability to produce profit that requires an equitable dis-
tribution. At that, it is advisable to follow the following 
formula:
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nature, not related to the level of technology and effi-
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According to the provisions of the Constitution of 
Ukraine, the people of Ukraine is the owner of the land, 
earth, air, water, and other natural resources within the 
territory of the country, as well as those of the conti-
nental shelf and the EEZ [22, art. 13]. It means that the 
functions of the owner are delegated to executive and lo-
cal self-governing authorities, including the function of 
compiling the list and determining the rates of payment 
for the use of natural resources. It is precisely from this 
viewpoint that Ukrainian parliamentarians consider rent. 
This is confirmed by the structure of the state budget rev-
enue (Table 1). 

Having analyzed the information outlined above, let 
us make some generalizations.

1. Objective prerequisites for rent arise when a par-
ticular resource ceases to be in excess. Since marine re-
sources (fish, seafood, minerals on and under the seabed) 
are limited, the problem of rent is more than relevant. So 
is the need to impose restrictions on extraction or fishing 
in the World Ocean. The gloomy picture is enhanced by 
the growing rate of degradation of the environment in 
general and of aquatic ecosystems in particular. 

To put an end to this, the society should limit the 
rampant consumerism. Yet, it is hard to achieve without 
introducing some kind of a food stamps system (like the 
one functioning previously in the Soviet Union or pres-
ently in the Korean People’s Republic), which seems 
impossible until the humanity comes close enough to 
extinction.

its adoption increased the value of rent immeasurably. 
Among other things, the convention defines legal re-
gimes for various marine areas, such as continental shelf 
or the newly established exclusive economic zone (EEZ), 
which adjoins the territorial waters and extends 200 nau-
tical miles beyond the baseline [19]. Within each marine 
area, only coastal states are endowed with a sovereign 
right to do the following:

– explore, develop, and manage natural living and 
non-living resources (in the waters that cover the seabed, 
on the seabed and beneath);

– build artificial islands, installations, and facilities 
and use them for appropriate purposes; 

– conduct marine scientific research, including that 
related to the protection and preservation of the marine 
environment;

– set the permissible volume of the capture of living 
resources in order to prevent the risks associated with 
their excessive exploitation;

– assess own capabilities in the production of living 
resources. If the coastal state is not able to manage the 
entire volume of the capture, it gives permission to do 
fishing to the states concerned through the conclusion of 
a reciprocal agreement. Without such, the activity is con-
sidered illegal.

The exclusive economic zone is subject to the leg-
islation of coastal countries, particularly concerning the 
following:

– regulation of fishing seasons and areas, as well as 
types, dimensions, and number of fishing gear and ves-
sels, appointment of observers on the board of fishing 
vessels;

– licensing of fishermen, their gear and vessels, ac-
companying collection of fees and other forms of pay-
ment;

– establishment of the species, age and size of the 
fish and other living organisms that are allowed to be 
harvested, as well as harvesting quotas.

It should be noted that the convention did not turn 
coastal states into actual owners of the resources concen-
trated in EEZs. Instead, they acquired the right to regu-
late the activity of foreign business and receive revenue 
from its own economic activities. In such a way, there 
was created an international legal framework for the for-
mation of rental relations in maritime economy.

THE ARTICLE AIM is to conceptualize the es-
sence of rent and the specific features of the formation of 
rental relations in maritime economic activities, which is 
quite relevant due to the new economic realities, related 
contradictions and systemic risks.

Basic material. There have been already a few occa-
sions to discuss the role of the World Ocean in the pres-
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the peculiarities of resource production from depleted 
and small deposits [24].

2. Unlike land, forests and pastures, marine bio-
logical resources belong to the sphere of non-alter-
native use. Thus, it is so far impossible to increase 
the productivity of fishing areas in the open sea simi-
lar to maintenance or even enhancement of the fertil-
ity of cultivated land. The only exception seems to be 
mariculture, which can be modified through genetic 
and technological innovations or improvement in the 
organization of production. Consequently, this study 
concerns rent for the natural resources not subject to 
artificial transformations. In this regard, two more rent-
forming factors should be added to the ones already  
mentioned:

– the type of produced resources (renewable or non-
renewable);

– special features and scope of harvesting (there is 
a difference between fishing with a spinning from the 

Another possible solution is to suppress the greed of 
entrepreneurs, which is detrimental to all living beings. 
Their uncontrolled aspiration to profit and merciless ex-
ploitation of the nature is depleting the resources accu-
mulated throughout thousands of years with an appalling 
rate. It is naive to rely solely on the ever coordinating 
“invisible hand” of the market; such activities require 
state regulation. Yet, Ukrainian politicians do not always 
demonstrate a readiness to adequately react to emerging 
threats and challenges, probably because they do not un-
derstand their real scope or simply do not pay enough 
attention.

On the contrary, the funds received from rental pay-
ments in the EU member states are applied to finance the 
projects aimed at maintenance and restoration of natural 
resources. Moreover, the international practice provides 
examples of the use of rent as an instrument for even 
distribution of load on ecosystems, particularly through 
application of coefficients that allow taking into account 

Fig. 2. Natural resources of Ukraine [21, Fig. ІХ]
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Table 1. Rent in the state budget revenue (2017), thousand UAH [23]

No. Type of rent Amount
1 Rent for transportation

1.1 Rental payment for transit transportation of ammonia through the territory of Ukraine via pipelines 1128430.1

1.2 Rental payment for transportation of oil and oil products through the territory of Ukraine via appropriate 
main pipelines 239747.2

2 Rent for the use of earth
2.1 Rental payment for the use of earth for gas condensate production 2647960.3
2.2 Rental payment for the use of earth for natural gas production 33276624.7
2.3 Rental payment for the use of earth for oil production 4521165.9
2.4 Rental payment for the use of earth for the production of mineral resources of national importance 3626560.2
3 Rental payment for the use of the radio frequency resources of Ukraine 3119904
4 Rental payment for the special use of forest resources 315000
5 Rental payment for the special use of water 715000
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appropriate permits and registered them in the prescribed 
manner. Foreign companies and individuals interested in 
aquatic living resources of the Ukrainian EEZ are no 
exception; they are granted the permits by the territo-
rial departments of the State Agency for Fisheries within 
the limits approved by the Ministry of Agrarian Policy 
and Food of Ukraine. To receive a permit, the compe-
tent authorities of foreign countries that have concluded 
an agreement with Ukraine on fishing in its EEZ submit 
applications of the established form, separately for each 
vessel and for each fishing area. Within 10 days, offi-
cials make a decision. If it is positive, they inform the 
applicant about the granting of the permit indicating the 
place, time of fishing and the procedure for obtaining the 
document [25]. The fee paid for the permit is also a form 
of rent (Table 2). 

The budget is replenished by license fees as well. 
Fishing licenses grant a right to conduct the following 
economic activities:

– commercial harvesting of natural biological re-
sources beyond the jurisdiction of Ukraine [27]; 

– commercial fishing outside of inland water bodies 
(ponds) serving as fishing farms [29]. 

Receiving the license requires a one-time payment 
at a rate of one living wage (based on the living wage 
for able-bodied persons effective on the day the licensing 
authority makes a decision to issue the license) unless 
some other fee is established by law [28, art. 14]. The 
period of validity of the license is not limited.

Another form of rental payment is a tax (levy) paid by 
the subjects of maritime economic activity to the state or 
local budgets [30]. It performs two functions: fiscal and 
regulating. On the one hand, the task of tax authorities as 
part of the executive branch is to motivate the business to 
pay the tax on time and in full, depending on the amount 
of resources produced from the natural environment. On 
the other hand, the tax is designed to level out fluctua-
tions in the profitability of enterprises operating in differ-
ent conditions, make economic management of natural 
resources more rational and efficient, and minimize (or 
completely eliminate) the negative impact of human eco-
nomic activity on the environment.

Let us consider the most common types of rent in the 
domestic practice.

shore and harvesting with a wide-cut deep-sea trawl 
from a high-speed seiner).

3. Due to the latest technological innovations, mari-
time rent is generated not only through the use of biolog-
ical and mineral resources, but also through the produc-
tion of wind, current, wave, or tidal energy, development 
of water areas for the purposes of cargo and passenger 
transportation, as well as recreational activities. Besides, 
the land lot at the shore is much more expensive than the 
land lot of the same area in most attractive towns and cit-
ies without access to the sea, since the latter provides ad-
ditional benefits. This is also the case for maritime rent.

4. Analysis of the domestic legislative and regula-
tory framework indicates that there are two regimes for 
the use of natural resources. The first is a general regime 
aimed at satisfying people’s basic needs (material, emo-
tional, aesthetic, recreational ones) without allocating the 
resources to a particular party or issuing any permits and, 
most importantly, absolutely free of charge. The second 
is a special regime created for entrepreneurs, scientific 
community and citizens with the interests and needs be-
yond the basic ones. For example, the use of living ma-
rine resources covers the following aspects:

– industrial fishing, which implies the search and har-
vesting of biological resources inhabiting the sea, their 
loading on board, handling, transloading, transportation, 
storage, and unloading, as well as further processing of 
the raw material into ready-to-eat products (canned food, 
fish flour) directly on navigating fishing vessels;

– control capture of aquatic living resources (organ-
isms whose life outside water, constantly or at particular 
stages of their lifecycle is not possible) for scientific, cul-
tural, educational and designing purposes; for stocking 
of water areas with youngsters and their acclimatization; 
for commercial fish breeding and reproduction; for regu-
lation of the species population, prevention of damage 
to the environment and fisheries (restorative capture of 
low-value and predatory fish species and other harmful 
aquatic organisms);

– sport and amateur fishing outside of public water 
bodies or their parts specifically allotted for these pur-
poses.

The special regime is intended for the citizens, enter-
prises, institutions and organizations that have received 

Table 2. Fees charged for permits (other documents) issued by the fish protection departments of the State Agency for Fisheries 
of Ukraine [26]

Type of service Price*
Permit for commercial fishing and production of aquatic living resources 2
Fishing ticket for the right to capture (harvest) aquatic living resources within fisheries 1
Voucher to a fishing ticket 0.5
Permit for amateur and sport fishing within the framework of special use of aquatic living resources 0.3

* Note: the price is measured in non-taxable minimum incomes of Ukrainian citizens
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Si
F is the standard fee for one ton of the captured resource 

defined by the Cabinet of Ministers of Ukraine (Table 3), 
UAH; AP is the sum of advance payment, UAH;  ExFSR is 
the expenses for fish stock replenishment and resource 
reproduction incurred during previous periods, UAH; 
n is the number of captured species of fish and other 
aquatic living resources. 

The above mentioned fish stock replenishment in-
volves fish selection and breeding, feeding, introduc-
tion of polyculture (joint cultivation of several species 
of fish with account for specific features of their nutri-
tion and immunity), fertilization of fisheries, control of 
parasites and diseases, control of hydrochemical condi-
tions, gas and salt composition of water to prevent fish  
diseases.

The above formula is also implemented to calculate 
the amount of fee to be paid for the special use of fish and 
other aquatic living resources if it does not correspond to 
any established limit (quota) or is not subject to the quota 
procedure at all. In the event that several types of aquatic 

1. The fee for the special use of fish and other aquatic 
living resources [31]. It is collected only after the user 
obtains the share of the quota (the maximum allowable 
capture of fish or other aquatic living resources from 
natural and artificial fisheries). The amount of the quota 
is determined by the State Agency for Fisheries. Having 
received the share, the user submits an advance payment 
to the budget — 5 % of the quota. If it is not used in full, 
the advance is not refundable. In cases when it is due to 
a natural disaster or other emergency, there is no charge 
for the unused part of the quota.

After totalizing the actual capture over the last re-
porting quarter (exclusively within the allocated quota), 
the amount of the fee   is calculated with the help of the 
following formula:
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Groups of resources 

Fish Seafood and crustaceans Aquatic invertebrates Seagrass and seaweed 

Eelgrass  Cystoseira Other seaweed (except the species listed in the Red Book of Ukraine) 

Tubifex Glassworm  Chironomid larvae Zooplankton Gammarus Artemia salina 

Mussels Rapans Anadara Shrimps Crayfish (except broad-fingered crayfish) 

Sprat 

Trout 

Alosa 

Spiny dogfish Thornback ray Black Sea-Azov migratory herring (Danube, Azov-Black Sea) Tench 

Azov Sea anchovy Black Sea anchovy Black Sea sprat Grass carp Bream Flathead grey mullet Loach 

Asp 

Zander Common nase Common rudd Silver bream Prussian carp Vimba bream Carp Catfish 

Black Sea scad 

Common perch 

Roach Blue bream Silver carp Azov percarina White-eye bream Ide Sabrefish Pike Common ruff 

Bonito Surmullet Bluefish Black Sea scomber Goby 

Leaping mullet 

Atherina Flounder Bleak 

Redlip mullet 

Garfish Black Sea turbot Azov Sea turbot Golden grey mullet Whiting Other 

Table 3. Examples of standard fees for the special use of some fish and other aquatic living resources [32]

Type of resource Standard fee, UAH/t
Spiny dogfish 120.26
Trout 235.78
Grass carp 319.47
Silver carp 383.15
Eelgrass 8.26
Cystoseira 36.53
Tubifex 1.41
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a unit of the extracted mineral, UAH (calculated accord-
ing to [30, art. 252.7 – 252.17]); RM is the rate of rent for 
the use of earth for mining, % (values given in Table 4); 
KK is the adjusting factor depending on the type of the 
mineral raw material and the conditions of its extraction 
(Table 5).

Rent payers fulfill their tax obligations either where 
the mined areas of the earth are located (if they are ter-
restrial) or where they (payers) are registered (if mining 
is performed on the continental shelf or within the EEZ 
of Ukraine).

The income comprising these payments serves as 
a monetary base for solving the following urgent prob-
lems:

– geological exploration, conservation of mineral 
resources and the environment, social, economic and en-
vironmental rehabilitation of the regions where the rel-
evant production facilities are located;

– equalization of the conditions of economic activity 
of the enterprises developing deposits that differ in the 
quality of raw materials;

– harmonization of national interests with those of 
local territorial communities through funds distribution;

– financial assistance in the development of mineral 
deposits driven by the public needs.

It should be noted that earth can also be used without 
any relation to mining, for instance, with the following 
purposes:

living resources are used simultaneously, the amount of 
fee is calculated for each of them individually.

2. Economic entities are charged for the use of earth 
for mining. Besides enterprises, this kind of activity may 
be performed by Ukrainian or foreign citizens, as well as 
stateless persons who have a legal status of businessmen. 
Each must purchase a special permit.

This document identifies specific mining areas, in-
cluding the ones for geological exploration or pilot min-
ing. In this case, the object of rent is the volume of the 
produced commodity — minerals extracted in the course 
of economic activity on the territory of the state, its con-
tinental shelf or EEZ or during production waste man-
agement (losses, remainders, etc.).

The tax deduction basis is the cost of the extracted 
mineral raw materials. The amount of tax is calculated 
separately for each type of minerals and for any area of 
the earth under the basic terms of delivery Ex Works, 
which implies that the finished goods are collected from 
the warehouse of the extracting enterprise by the cus-
tomer.

The amount of tax liability TL can be calculated with 
the use of the following formula:

TL = VP × PM × RM × KK,                      (3)

where VP  is the volume of the mineral raw material ex-
tracted during the tax reporting period, measured in the 
appropriate units (tons, cubic meters); PM is the price of 

Table 4. Examples of rental rates for the use of earth for mining, % [30, art. 252.20]

Groups of mineral resources Value
Ore minerals

Black, non-ferrous and alloying metals (except iron ore) 5
Iron ore 8

Energy-generating minerals
Coking coal 1.5
Anthracite 1

Hydrocarbons
Oil from deposits completely or partially located at a depth of up to 5000 m 29
Oil from deposits completely or partially located at a depth of more than 5000 m 14
Natural gas from deposits within the continental shelf and/or the exclusive economic zone of Ukraine 11

Table 5. Examples of adjusting factors applied when calculating the amount of tax [30, art. 252.22]

Criteria of application Value
Extraction of off-balance reserves* of minerals other than hydrocarbons 0.5
Extraction of off-balance reserves of natural gas from deposits located within the continental shelf and/or the EEZ of Ukraine 0.61
Extraction of sand and gravel within seas, reservoirs, rivers and their floodplains (except mining associated with 
scheduled midstream cleaning works) 2.0

* Note: Off-balance reserves are the reserves of mineral resources from particular areas of the earth proved to be unprofitable for 
commercial exploration at the moment of the geological and economic assessment performed with the help of a specific calculation 
procedure or available financial records [33].
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Seas. On the other hand, private entrepreneurs could 
greatly benefit from the current situation, temporarily ap-
propriating the rental income from investing in the mari-
time economic objects beyond state regulation.

4. The rent is levied for the use of the radio fre-
quency resources by the entities that have obtained the 
corresponding right within the allocated band of public 
radio frequencies. The amount of payment is calculated 
for each region depending on the type of radio commu-
nication, established rental rates, and the radio frequency 
bandwidth indicated in the permit for operation of radio 
electronic and radiating devices. Maritime radio service 
operates in the range of 0.03 – 470 MHz, and the rental 
rate for the unit of band is 518.75 UAH/month.

In order to obtain permission to operate a radio elec-
tronic or radiating device, or to get information on the 
provided frequency bandwidth and type of radio com-
munication, the user should submit an application to the 
Ukrainian State Center for Radio Frequencies, an enter-
prise subordinated to the National Commission for the 
State Regulation of Communications and Informatiza-
tion.

5. Port and tourist fees levied in marine recreational 
areas can also be categorized as rental payments. 

The port fee is a payment for the use of ships navi-
gating under the State Flag of Ukraine and foreign flags, 
water areas and port facilities, as well as for the services 
provided by the port.

The type of payment is rendered in its name; there 
are ship, canal, lighthouse, berthing, anchor, administra-
tive, sanitary, and mooring fees. The rate of each fee con-
sists of the following components:

In order to obtain permission to operate a radio electronic or radiating 

device, or to get information on the provided frequency bandwidth and type of 

radio communication, the user should submit an application to the Ukrainian State 

Center for Radio Frequencies, an enterprise subordinated to the National 

Commission for the State Regulation of Communications and Informatization. 

5. Port and tourist fees levied in marine recreational areas can also be 

categorized as rental payments.  

The port fee is a payment for the use of ships navigating under the State Flag 

of Ukraine and foreign flags, water areas and port facilities, as well as for the 

services provided by the port. 

The type of payment is rendered in its name; there are ship, canal, 

lighthouse, berthing, anchor, administrative, sanitary, and mooring fees. The rate 

of each fee consists of the following components: 
S
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Ukrainian Sea Ports Authority. Afterwards, most of the sum (60-70% [35]) is 
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allocated to the owners (users) of the berth, the canal fee – to the owners of the 

canal, the ship fee – to the users of the port’s water area and the owners of the 

operational water area of the berths built before the Law of Ukraine “On seaports 

of Ukraine” came into force. The lighthouse fee is correspondingly allocated to the 

state institutions that organize and implement the navigational and hydrographic 

support of maritime traffic [36]. 

The above considerations allow making the following conclusions.  

The port fee is only partly a rental payment, since its certain share remains at 

the disposal of the Ukrainian Sea Ports Authority. However, all the funds received 
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where Pi
F is the rate of the i-th port fee, UAH; Ci

S is the cost 
of provision of the i-th port service, UAH; Pi

S is the profit 
obtained for provision of the i-th port service, UAH.

The funds accumulated as a result of the port fee levy 
are allocated to the Ukrainian Sea Ports Authority. Af-
terwards, most of the sum (60 – 70 % [35]) is transferred 
to the state budget or other recipients. For instance, the 
berthing fee is allocated to the owners (users) of the berth, 
the canal fee — to the owners of the canal, the ship fee — 
to the users of the port’s water area and the owners of the 
operational water area of the berths built before the Law 
of Ukraine “On seaports of Ukraine” came into force. The 
lighthouse fee is correspondingly allocated to the state in-
stitutions that organize and implement the navigational 
and hydrographic support of maritime traffic [36].

The above considerations allow making the follow-
ing conclusions. 

The port fee is only partly a rental payment, since its 
certain share remains at the disposal of the Ukrainian Sea 

– aging, production and storage of wine;
– storage of natural gas, oil, oil products, food prod-

ucts, other goods, substances and materials;
– cultivation of mushrooms, vegetables, flowers and 

other plants, etc.
3. The rent for the special use of water is paid by le-

gal entities (without regard to their type), their branches, 
departments, representative offices, other separate units 
(with the exception of state-financed institutions), per-
manent representatives of non-residents, as well as sole 
proprietors. All of them consume water by withdraw-
ing it from natural or artificial water bodies and water 
courses. Thus, the actual volume of water consumption 
is subject to rental payment.

Water can be used without its removal from water 
bodies. In such a case, the rent is applied to:

– the actual volume of water that passes through the 
power plant turbines to produce electricity (hydropower 
needs);

– the time of the use of surface waters by the fleet 
(water transport needs);

– the actual volume of water for the replenishment of 
water bodies when breeding fish and other aquatic living 
resources (fish farming needs).

When it comes to mariculture, the rent is levied for 
the use of inland sea waters, territorial sea and the EEZ 
of Ukraine [34]:

RP = FP × SL × K1 × K2 × K3,                   (4)

where RP is the annual rental payment, UAH/ha; FP is 
the fixed average payment for the water objects provided 
for rent, 100 UAH/1 ha of water body area; SL is the al-
lotted water body area, ha; K1 is the coefficient account-
ing for the average depth of the water lot (1.2 for depths 
of 2 – 10 m, 1.0 for depths exceeding 11 m); K2 is the 
coefficient accounting for the water lot remoteness from 
the coastline (1.4 for distances up to 1 km, 1.2 for dis-
tances of 1 – 5 km, 1.0 for distances exceeding 5 km); 
K3 is the coefficient accounting for the water lot remote-
ness from the nearest settlements (1.2 for distances up to 
5 km, 1.0 for distances exceeding 5 km).

It should be highlighted that legislative documents 
contain no mentions of the seawater withdrawal for the 
production purposes (those not related to satisfaction of 
the drinking and sanitary needs of the population). Quite 
on the contrary, the Tax Code of Ukraine specifies the 
following: “Rent for the special use of seawater is not 
levied” [30, art. 255.4.9].

On the one hand, this might be an indication that 
the legislators misunderstand or underestimate the role 
and significance of the World Ocean in the development 
of Ukraine’s economy and are indifferent to preserving 
and multiplying natural resources of the Black and Azov 
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“undermines” the investment potential of the company, 
“leaves” it without the required operating capital, and 
even “pushes” the owners to curtail their business.

The consequences of such an artificial reduction in 
the tax deduction base are quite adverse. On the one 
hand, the prospects of development of the mineral re-
sources base of the country by means of geological ex-
ploration become unclear. On the other hand, it further 
promotes social inequality.

CONCLUSIONS. 1. To create material conditions 
for a comfortable living, people turn to natural resources, 
not always realizing that they belong if not to the whole 
mankind then at least to the citizens of a particular coun-
try. This applies to both terrestrial and marine resources. 
Year after year, they are becoming closer to exhaustion, 
while the demand is constantly increasing, as is the com-
petition for access to the yet unexplored deposits.

2. Production of goods is accompanied by the for-
mation of economic relations, and rental relations are an 
important element of their system. Theoretical analysis of 
the notion allows asserting that the entire amount of rent 
must be levied through an effective system of fiscal regu-
lation of exploitation of natural resources. In fact, Ukraine 
still has not introduced a mechanism for the collection of 
resource rent, let alone its subsequent distribution among 
budgets of different levels, programs and projects that pro-
mote sustainable development of the state.

3. The rent payment for the use of the natural re-
sources of the World Ocean should be least of all consid-
ered as a means of solving current state budget problems. 
Most importantly, it is a tool that allows for protection of 
the country from the risks accompanying uncontrolled 
personal and industrial consumption.

4. The standard fees should be systematically re-
viewed with consideration to the results of analysis of 
the difference between the economic return on invested 
capital and the labor put in production. There is a reason 
to believe that both indicators will be inevitably increas-
ing with the exhaustion of natural resources. At the same 
time, it seems sensible to reduce the tax pressure on per-
sonal income of hired workers and the return on invest-
ment. This would significantly scale down the shadow 
business and put an end to the phenomenon of envelope 
salary.

Ports Authority. However, all the funds received by this 
enterprise were supposed to become a source for financ-
ing the activities aimed at the maritime infrastructure 
development.

Local territorial communities could claim a share of 
the port fee as well, since it fully fits into the concept of 
decentralization currently undergoing in the country. It 
can be calculated as follows:
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well-known advantages of the ad valorem rent are not always fully manifested in 

the present Ukrainian realities [37]. This particularly concerns the mining and 
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 is the share of the port fee allocated to the lo-
cal territorial community, UAH; SL is the area of the land 
lot at the port’s disposal, m2; SW is the water area at the 
port’s disposal, m2.

The tourist fee [30, art. 268] is paid by Ukrainian and 
foreign citizens and stateless persons who are entitled to 
temporary residence within the administrative unit with 
an active decision of the village, town, city council or 
the council of the united territorial community. The fee 
rate is set at 0.5 – 1.0 % of the cost of the entire period of 
residence net of the value added tax.

The tourist fee is charged by the following parties:
– managers of hotels, campsites, motels, hostels, 

other hotel-type and therapeutic resort facilities;
– agencies that facilitate accommodation of tempo-

rary residents in the houses (apartments) owned by citi-
zens;

– entrepreneurs authorized by a village, town, city 
council or a council of a united territorial community to 
levy a fee under a contract concluded with the relevant 
council.

Hence, in practice, there are two types of rent: spe-
cific payment, which makes up a fixed amount for the 
unit of the established base (see Table 3), and ad valorem 
payment, which is a percentage of the established base 
(see Table 4).

It is impossible to disagree with those researchers 
who emphasize that the well-known advantages of the 
ad valorem rent are not always fully manifested in the 
present Ukrainian realities [37]. This particularly con-
cerns the mining and processing enterprises that are part 
of vertically integrated organizations. In this case, raw 
materials are sold at deliberately understated prices, and 
the top management suggests lame explanations: rent 
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Высокоманевренные, 
двухвальные, стальные 
суда сварной конст-
рукции с бульбовой 
носовой и транцевой 
кормовой оконеч-
ностями с кормовым 
расположением МО 
и надстройки. 

Суда предназначены 
для перевозки природ-
ного сжиженного газа 
(СПГ) в независи-
мых вкладных танках 
типа С с температурой 
СПГ –163° С в при-
брежных морских водах  
с заходом в реку. 

Прием и выдача  
груза предусмотрены 
от морских плавучих  
и береговых термина-
лов.

Главные двигатели  
предназначены  
для работы на жидком 
и газообразном видах 
топлив (МДО/GF).
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ПРОЕКТ MPSV07
Многофункциональное аварийно-спасательное 
судно ледового плавания мощностью 4 МВт 
типа «Спасатель Карев»
Завод-строитель — Невский Судостроительно-
Судоремонтный завод  
(построено 3, в постройке 1 судно)

Назначение: 
• патрулирование, аварийно-спасательное дежурство в ра-
йонах судоходства, рыбного промысла, морских нефтяных 
и газовых промыслов;
• оказание технической поддержки и помощи в районах 
опасных для мореплавания, добычи морепродуктов, обслу-
живание транспортных операций в портах;
• поиск и оказание помощи терпящим бедствие судам;
• поиск, спасение, эвакуация и размещение людей, оказа-
ние им медицинской помощи;
• снятие с мели и рифов аварийных судов, откачка воды 
из затопленных отсеков;
• оказание помощи судам и выполнение спасательных ра-
бот в ледовых условиях и на чистой воде;

• буксировка аварийных судов и объектов к месту убежищ, 
а также выполнение морских буксировок судов, плавучих 
объектов и сооружений во льдах и на чистой воде;
• оказание помощи в тушении пожаров на плавучих и бере-
говых объектах, доступных для подхода с моря;
• тыловое и техническое обеспечение, в том числе выпол-
нение подводно-технических работ водолазов на глубинах 
до 60 метров;
• тушение горящего на воде топлива, ликвидация аварий-
ных разливов нефти и нефтепродуктов;
• освидетельствование и очистка подводной части корпуса 
судов, плавучих и береговых объектов;
• обследование морского дна и поврежденных объектов 
на глубинах до 1000 м.
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