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Abstract—The paper is dedicated to solving a problem of 

finding the area of values of unmanned underwater vehicle 

construction parameters providing desired oscillability 

degree of its motion control system with interval parameters. 

Construction parameters such as unmanned underwater 

vehicle length and maximal diameter, which are primary 

parameters, are linked with secondary parameters of 

unmanned underwater vehicle motion control system 

included in coefficients of its interval characteristic 

polynomial such as added masses of water and 

hydrodynamic coefficients. Authors propose a method of 

estimating unmanned underwater vehicle construction 

parameters by finding intervals of characteristic polynomial 

coefficients providing desired motion control quality. 

Example of the proposed method application is also 

provided. 

 

Index Terms—construction parameters, interval parameters, 

oscillability degree, interval characteristic polynomial, 

unmanned underwater vehicle, sixth term 

 

I. INTRODUCTION 

Developing unmanned underwater vehicles (UUV) and 

their motion control systems [1] – [7] requires estimating 

UUV construction parameters, such as UUV length and 

UUV maximal diameter. These parameters are not 

included in UUV motion control system model directly, 

but only as a part of added masses and hydrodynamic 

coefficients. Let us now designate length and diameters 

as primary parameters, added masses and hydrodynamic 

coefficients – as secondary parameters. Secondary 

parameters dependences on primary parameters are 

described via certain expressions. Secondary parameters 

are included in coefficients of interval characteristic 

polynomial of the system considered. Consequently, 

values of primary parameters can be found through 

estimating coefficients of characteristic polynomial and 

finding values of secondary parameters on their basis. 
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For each of values of primary parameters, nominal 

values of secondary parameters can be found. Then, on a 

basis of sector stability criterion, a linear controller can 

be synthesized. Let us assume, that controller synthesis 

resulted in a characteristic polynomial, whose coefficients 

(except m , 2m   nearest-neighbor lower coefficients) 

include secondary parameters of the system. As far as the 

aim is to find values of secondary parameters, they will 

be considered as uncertain ones varying within some 

intervals, which can be expressed from coefficients of 

characteristic polynomial. Let us designate a vector of 

secondary parameters as T and write a characteristic 

polynomial as follows: 
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Providing stability of (1) and its acceptable 

oscillability degree [8] – [14] consists in developing such 

characteristic polynomial, whose roots will be placed 

within desired sector on the left half of a complex plane. 

To do this, it is proposed to use an algebraic method 

based on coefficient indices of stability and oscillability 

[15], which can be expressed through coefficients of 

characteristic polynomial. 

The main aim of the research is to develop a method of 

finding an area of values of UUV construction parameters, 

within of which desired motion stability and oscillability 

are guaranteed despite interval parametric uncertainty of 

the system. To reach the aim formulated, it is proposed to 

accomplish several objectives: 

1. Derive a characteristic polynomial (1) of UUV 

motion control system. Deriving such polynomial 

consists in finding such interval coefficients  ia , 

,i m n , which provide desired oscillability 

degree of the system. 

International Journal of Mechanical Engineering and Robotics Research Vol. 9, No. 10, October 2020

© 2020 Int. J. Mech. Eng. Rob. Res 1427
doi: 10.18178/ijmerr.9.10.1427-1431



2. On a base of dependencies ( )ia T  and intervals 

 ia , ,i m n  find an area of acceptable 

oscillability degree in a space of secondary 

parameters. 

3. Obtain the area of primary parameters on a base of 

area of secondary parameters. 

II. DERIVING AN INTERVAL CHARACTERISTIC 

POLYNOMIAL OF THE SYSTEM WITH DESIRED 

SECTOR STABILITY 

Let us consider linear time-invariant continuous 

control system, whose characteristic polynomial is 

written as follows: 

 
1

1 0( ) n n

n nA s a s a s a

     (2) 

Stability index 
i  depending on each four nearest-

neighbor coefficients of (2) must be introduced as follows: 

  1 2 1/ ,   1, 2.i i i i ia a a a i n       (3) 

According to [14], to provide stability of the system 

with characteristic polynomial (2) it is enough to satisfy 

following inequality: 

 ,   0.465 1, 2.i i n     (4) 

Oscillability index 
i also should be introduced as 

follows: 
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It was determined [14], that in order to place roots of 

(1) within desired sector  ( )
2


    following 

inequality should be satisfied. 

 ,( ,   1, 1)i д n i n     , (6)
 

where 
д  can be found from the diagram in the Fig. 1. 

 

д   
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𝑛 = 4 
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Figure 1.  Diagram of 
д  values depending on   for polynomials of 

different order 

Let us now develop an interval extension of 

expressions for stability index 
i  and oscillability index 

i  

      1

1 0( ) ,n n

n nD s a s a s a

      (7) 

where i i ia aa  ; ia  - minimal value of 
ia ; 

ia  - 

maximal value of 
ia .  

According to (3) and (4) to provide stability of ICP (7) 

it is enough to satisfy following inequalities: 
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According to (5) and (6), to place ICP roots in a 

desired sector it is enough to satisfy following inequality:  
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Let us assume, that in characteristic polynomial (7), 

whose order is higher than 3, values of at least two lower 

coefficients are known. Now it is necessary to find 

interval of other coefficients values, which include 

secondary parameters of the system and provide 

allocation of ICP roots in a desired sector.  

On a base of (8) and (9), let us derive a system of 

inequalities for a polynomial (1): 
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 (10) 

Let us notice, that inequalities system (10) includes 

inequalities with constant or uncertain lower coefficients 

for 3m  . These inequalities must be checked before 

solving a whole system (10). 

On a base of analyzing expressions from system (10), 

an algorithm of finding desired limits of unknown ICP (7) 

coefficients was developed. It include their subsequent 

calculation from lower ones to higher ones and includes 

following steps: 

1. Defining index I of the lower uncertain 

coefficient ( 2i  ). 

2. Defining acceptable values of oscillability index 

д  on a base of diagram in the Fig. 1. 

3. Finding 
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4. Composing a system of two inequalities 
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where unknown variables are ia  and 1ia  . 
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5. Solving the inequalities system for 0 i ia a   

and choosing values ia  and 
1ia 

 from the 

solution. 

6. Increasing coefficient index 1i i  . Steps 4 and 

5 must be repeated while i n . 

7. If i n  then limits of all ICP (7) coefficients are 

found besides na . It should be defined from the 

range 0 n na a  . 

III. FINDING AREAS OF PRIMARY AND SECONDARY 

PARAMETERS OF THE SYSTEM PROVIDING 

DESIRED SECTOR STABILITY 

The research resulted in a method of finding an area of 

acceptable values of control system parameters providing 

desired oscillability. The method includes following steps: 

1. Finding intervals of ICP coefficients 

  ;i i ia a a 
 

, which provide ICP stability and 

desired oscillability degree. 

2. Composing a system of double inequalities on a 

base of ICP coefficients dependencies from 

secondary parameters and previously obtained 

limits of ICP coefficients: 

 ( ) ,  ,i i ia a T a i m n   . (11)  

3. Solving inequalities system (11) and plotting an 

area of acceptable values of the systems secondary 

parameters T . 

4. Plotting the area of primary parameters of the 

system on a base of certain expressions linking 

them with secondary parameters. 

To obtain the area of primary parameters from the area 

of secondary parameters, expression linking the together 

should be used. In our case, expressions linking added 

mass of water 
11  and hydrodynamic coefficient of drag 

force 
xc  with length l  and diameter D  of UUV must be 

obtained. 

Estimate of drag force hydrodynamic coefficient can 

be calculated via following expression [16] - [18]: 

 chr( ),hs

x f ф xc k c c c      (12) 

where k  –coefficient of UUV hull curvature; ,f фc c  –

hydrodynamic coefficients of flat plate and UUV hull 

shape; chr  –correction on a UUV hull roughness; ha

xc  –

hydrodynamic coefficient of UUV hull appurtenances.  

It should be noticed, that all summands in (12) depend 

on UUV size. For example, coefficient of UUV hull 

curvature k  depends on relative lengthening of UUV and, 

consequently, on it diameter and length. Hydrodynamic 

coefficients fc  and фc  of flat plate and UUV hull shape 

depend on Reynolds number and, consequently, on UUV 

length. Assuming that on early steps of UUV 

development there is now information about UUV hull 

appurtenances, let us ignore their hydrodynamic 

coefficient ha

xc . Also, let us consider UUV surface 

smooth enough to ignore roughness correction 
chr .  

Let us use the following formula of added mass in 

following calculations: 

 
2

11 ,
4

D
      (13) 

where   –water density; D  –maximal diameter of UUV. 

Finally, the fourth step of the method proposed 

(transfer from are of secondary parameters to area of 

primary parameters) will be performed on a base of 

expressions (12) and (13). 

IV. EXAMPLE 

Let us consider a characteristic polynomial of the 

forward motion of the unmanned underwater vehicle: 

 
5 4 3 2

5 4 3 2 1 0( ) s s s s s ,D s a a a a a a       (14) 

where 

5 2 ( );S T xa T T m  

2
3
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2 2
3 3
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2
3

2 k;xa c V   
1 4 ;P T Sa K K K  

0 4 .I T Sa K K K  

Coefficients of (14) include following parameters of a 

UUV: 0.01 ST s – time constant of a sensor;  1 TT s – 

time constant of a thruster; 1140 m kg – UUV mass; 

311 V m – water displacement of a UUV; 
31000 /kg m  – water density; 1k  – linearization 

coefficient; 0.7PK   and 0.03IK  – parameters of PI-

controller; 50TK  – transfer coefficient of a thruster; 

1SK  – transfer coefficient of a sensor. Let us notice, 

that 
x – added mass of water and 

xc – hydrodynamic 

coefficient of drag force are secondary to parameters 

determining UUV size: diameter D and length L, which 

are primary parameters.  

Parameters 
x  and 

xc  are not included in two lower 

coefficients of characteristic polynomial. There is a 

problem of finding an area of values of these two 

parameters providing desire stability degree and 

oscillability degree of the system considered. To do this, 

all coefficients including 
x  and 

xc  will be considered 

uncertain and interval. Considering this, interval 

characteristic polynomial (14) can be rewritten as follows: 

       5 4 3 2

5 4 3 2( ) s s s s 241s 9.2D s a a a a      . (15) 

On a base of (8) and (9) let us derive a system of 

inequalities (10) for polynomial (15). Solution of this 

system gives interval values of (15) coefficients: 

   5 100;500 ;a     4 3000;5000 ;a 

   3 6000;9000 ;a     2 2000;3100a  .  
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Then, on a base of dependencies of these coefficients 

and parameters 
x  and 

xc , a system of inequalities (11) 

with two variables can be derived. Solution of this system 

is shown in the Fig. 2. 

 

Figure 2.  Values area of secondary parameters 

Aforementioned calculations resulted in the area of 

values of secondary parameters 
x  and 

xc . To plot this 

area in coordinates of UUV length and diameter, a 

Monte-Carlo method [19], [20] and expressions (12) and 

(13) were used. First, with the help of Monte-Carlo 

method an image of the area shown in the Fig. 2 was built 

(see Fig. 3(a)). Then, with the help of (12) and (13) 

coordinates of each dot within the source domain were 

recalculated and plotted in a plane of UUV diameter and 

length (see Fig. 3(b)). 

Dotted line in the Fig. 3b shows the set of values of 

UUV diameter and length, which provide desired volume 

inside UUV hull and water displacement. So, all 

calculations performed via proposed method resulted in 

hatched area shown in the Fig. 3b. Every combination of 

UUV diameter and length chosen within the hatched area 

will provide desired control quality and UUV motion 

dynamics. It should be noticed, that on the late steps of 

development UUV dynamics can be improved by proper 

controller synthesis. 

 
a) 

 
b) 

Figure 3.  Area of parameters values in a plane of (a) secondary 
parameters and (b) primary parameters of UUV 

V. CONCLUSION 

Considered research resulted in a method of estimating 

primary parameters of control system on a base of desired 

control quality. An example of finding area of values of 

UUV length and diameter on a base of desire stability 

degree and oscillability degree of its motion control 

system with interval parameters was provided. 

CONFLICT OF INTEREST 

The authors declare no conflict of interest. 

AUTHOR CONTRIBUTIONS 

Gayvoronkiy Sergey find area of values of UUV 

length and diameter on a base of desire stability degree 

and oscillability degree of its motion control system with 

interval parameters, wrote the paper. 

Ezangina Tatiana developed a method of finding an 

area of values of UUV construction parameters and wrote 

the paper. 

Khozhaev Ivan calculated a characteristic polynomial 

of the forward motion of the unmanned underwater 

vehicle. 

Nesenchuk Alla analyzed the data. 

Аll authors had approved the final version. 

ACKNOWLEDGMENT 

The reported study was funded by RFBR according to 

the research project # 18-58-00045 Bel-a.  

REFERENCES 

[1] S. Chen, B. M. Kim, H. Joe, and Son-Ceol Yu, “Dual-loop robust 
controller design for autonomous underwater vehicle under 

unknown environmental disturbances,” Electronics Letters, vol. 52, 
no. 5, pp. 350 – 352, 2016. 

[2] J. Kim, “Thruster modeling and controller design for unmanned 

underwater vehicles (UUVs),” Underwater Vehicles, pp. 235-250, 
January 2009. 

[3] L. G. Garcia-Valdovinos, T. Salgado-Jimenez, M. Bandala 
Sanchez, L. Nava-Balanzar, R. Hernandez-Alvarado, J. A. 

CruzLedesma, “Modeling, design and robust control of a remotely 

operated underwater vehicle,” International Journal of Advanced 
Robotics Systems, vol. 11, no. 1, pp. 1-16, 2014. 

International Journal of Mechanical Engineering and Robotics Research Vol. 9, No. 10, October 2020

© 2020 Int. J. Mech. Eng. Rob. Res 1430



[4] J. Cao, Y. Su, and J. Zhao, “Design of an adaptive controller for 
dive-plane control of a torpedoshaped AUV,” Journal of Marine 

Science and Applications, vol. 33, pp. 333-339, 2011. 

[5] A. A. Dydа, “Design of adaptive VSS algorithm for robot 
manipulator control,” in Proc. of the 1st Asia Control Conf., 

Tokyo, 1994, pp. 215-221.  
[6] V. F. Filaretov, A. A. Dyda, and A. V. Lebedev, “The sliding 

mode adaptive control system for autonomous underwater robot,” 

in Proc. the 7th International Conf. on Advanced Robotics, 
Catalonian, 1995, vol. 8, pp. 263-266 

[7] G. Conte and A. Serranu, “Robust control of a remotely operated 
underwater vehicle,” Automatica, vol. 34, no. 2, pp. 193-198, 1998. 

[8] Z. Liu, Y. Z. Wang, “Regional stability of positive switched linear 

systems with multi-equilibrium points,” International Journal of 
Automation and Computing, vol. 14, no. 2, pp. 213-220, 2017. 

[9] A. V. Egorov, C. Cuvas, S. Mondié, “Necessary and sufficient 
stability conditions for linear systems with pointwise and 

distributed delays,” Automatica, vol.80, pp. 218-224, 2017. 

[10] S. A. Gayvoronskiy, T. Ezangina, I. Khozhaev, L. Gunbo, “The 
analysis of the root quality factors of a power unloading system,” 

Journal of Physics: Conference Series, vol. 803, no. 1, art. no.  
012044, 2017 

[11] B. B. Alagoz, “A note on robust stability analysis of fractional 

order interval systems by minimum argument vertex and edge 
polynomials,” IEEE/CAA Journal of Automatica Sinica, vol. 3, no. 

4, art. no. 7589488, pp. 411-421, 2016. 
[12] C. Hwang, S. F. Yang, “Plotting robust root locus for polynomial 

families of multilinear parameter dependence based on zero 

inclusion/exclusion tests,” Asian Journal of Control, vol. 5, pp. 
293-300, 2003. 

[13] S. Malan, M. Milanese, M. Taragna, “Robust analysis and design 
of control systems using interval arithmetic,” Automatica, vol. 33, 

1363-1372, 1997. 

[14] S. A. Gayvoronskiy, T. Ezangina, “The algorithm of analysis of 
root quality indices of high order interval systems,” in Proc. of the 

2015 27th Chinese Control and Decision Conference, Qingdao; 
China, 2015, art. no. 7162444, pp. 3048-3052. 

[15] B. N. Petrov, N. I. Sokolov, A. V. Lipatov, “Automated control 

systems for objects with uncertain parameters,” Engineering 
Methods of Analysis and Synthesis, Moscow: Mashinostroyeniye, , 

1986, pp. 61-64. 
[16] E. N. Pantov, N. N. Makhin, and B. B. Sheremetov, Basics of AUV 

Motion Theory, Leningrad: Sudostroenie, 1973, ch. 173. 

[17] Y. A. Lukomskiy, V. S. Chugunov, Control Systems of Mobile 
Marine Objects Saint-Petersburg: Sudostroenie, 1988, pp. 272. 

[18] L. V. Kiselev, A. V. Bagnitckii, and A. V. Medvedev, 
“Identification of AUV hydrodynamic characteristics using model 

and experimental data,” Gyroscopy Navig, vol. 8, pp. 217–225, 

2017. 

[19] C. Walter, G. T. Barkema, “An introduction to Monte Carlo 
methods,” Physica A: Statistical Mechanics and its Applications, 

vol. 418, pp. 78-87, January 2015. 

[20] D. Reiter, “The Monte Carlo method, an introduction,” Lecture 
Notes in Physics, Berlin: Springer, 2007, ch. 739. 

 
Copyright © 2020 by the authors. This is an open access article 

distributed under the Creative Commons Attribution License (CC BY-

NC-ND 4.0), which permits use, distribution and reproduction in any 
medium, provided that the article is properly cited, the use is non-

commercial and no modifications or adaptations are made. 
 

Sergey Gayvoronskiy obtained his PhD degree at Control Systems 

Engineering from the Tomsk Polytechnic University, Russia in 1990. 
He is presently an associated professor of the Division for Automation 

and Robotics at the School of Computer Science and Robotics, National 
Research Tomsk Polytechnic University, Tomsk, Russia. 

His research and teaching interests include analysis and synthesis of 

robust and adaptive control systems for control objects and processes 
with uncertain parameters. 

Prof. Gayvoronskiy was repeatedly awarded by Ministry of 
Education and Science of Russian Federation, Russian Union of Young 

Scientists and Tomsk polytechnic university for his educational and 

scientific achievements. 
 

 
Tatiana Ezangina obtained her PhD degree at System Analysis, 

Control and Data Processing at Tomsk Polytechnic University in 2016. 

She is presently a junior researcher of Telecommunications, Electronics 
and Underwater Geology Laboratory, National Research Tomsk 

Polytechnic University, Tomsk, Russia. 
Her research interests include robust and adaptive control system 

analysis and synthesis, tethered underwater vehicles development and 

software development. 
Dr. Ezangina was repeatedly awarded by the Government of Russian 

Federation, Ministry of Education and Science of Russian Federation, 
Tomsk Polytechnic University and other institutions for her scientific 

achievements. 

 
 

Ivan Khozhaev obtained his bachelor and master degree with honors at 
Control Systems Engineering at the Tomsk Polytechnic University in 

2014 and 2016, accordingly.  

He is presently a PhD student of the Division for Automation and 
Robotics at the School of Computer Science and Robotics, National 

Research Tomsk Polytechnic University, Tomsk, Russia. 
Mr. Khozhaev research interests include robust and adaptive control 

systems synthesis and analysis, unmanned underwater vehicles 

development and computational fluid dynamics. 
 

 

International Journal of Mechanical Engineering and Robotics Research Vol. 9, No. 10, October 2020

© 2020 Int. J. Mech. Eng. Rob. Res 1431

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/



