
31ST DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION 

 

 
 

DOI: 10.2507/31st.daaam.proceedings.xxx 

 
SYSTEM OF HIGH-PRECISION MOVEMENTS CONTROL OF 

UNDERWATER MANIPULATOR 

 
Filaretov Vladimir, Konoplin Alexander, Zuev Alexander & Krasavin Nikita 

 

 

 

 
 

 

 

This Publication has to be referred as: Filaretov, V[ladimir]; Konoplin, A[lexander]; Zuev, A[lexander] & Krasavin, 

N[ikita] (2020). System of High-precision Movements Control of Underwater Manipulator, Proceedings of the 31st 

DAAAM International Symposium, pp.xxxx-xxxx, B. Katalinic (Ed.), Published by DAAAM International, ISBN 978-

3-902734-xx-x, ISSN 1726-9679, Vienna, Austria 

DOI: 10.2507/31st.daaam.proceedings.xxx 

 

 

Abstract 

 
The paper deals with system of high-precision movements control of underwater manipulator mounted on underwater 
vehicle. Described control system allows to compensate negative torques in joints of the manipulator which appear due 
to high-speed movements of underwater manipulator in fluid environment, and also compensate coulomb friction and 
viscous friction moments in link electric drive units. This task is achieved due to using of self-adjusting corrective devices 
of manipulator electric drive units. Because of recurrent algorithm for solving the inverse problem of dynamics doesn’t 
allow to accurately determine effects of a viscous friction influence on manipulator’s moving links, here is suggested to 
use observers to determine and then take into account unaccounted moments for each manipulator electric drive unit. 
Numerical simulation of synthesized 3-dof underwater manipulator control system was performed. It showed that 
described system significantly improves dynamic accuracy of high-speed movements of manipulator gripper during 
various technological operations. 

 

Keywords: underwater multilink manipulator; underwater vehicle; identification; high-precision; observer. 

 

 

1. Introduction 

 

The solution to the problem of high-precision control of multilink manipulators (MM) mounted on underwater 

vehicles is necessary to expand the scope of application of underwater robotics when performing specific work operations 

[1], [2]. This problem is caused by the fact that the moving parts of the MM are exposed to significant and difficult to 

determine dynamic effects from the surrounding water environment [3], [4], which change the parameters of control 

objects. This significantly reduces the accuracy of moving working tools during manipulation work. 

At present, a recurrent algorithm [3] for solving the inverse problem of dynamics is known. It allows in real-time to 

calculate interactions between the degrees of mobility of underwater MM and other external influences from a viscous 

fluid. However, the accuracy of the analytical calculation of these interactions and impacts is low due to the great 

complexity of accurate a priori determination of the parameters of the effects of a viscous fluid on all MM links [5] and 

the values of the liquid masses attached to these links. At the same time, MM often move underwater objects with a priori 

unknown parameters. In addition, during the operation of underwater MM, there may be an unexpected increase of the 

moments of viscous and coulomb friction in the electric drive units (due to changes of the properties and contamination W
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of the lubricant, friction in the sealing connectors, etc.). As a result, additional variable moments occur on the output 

shafts of MM drives, which cannot be determined using only calculations obtained by means of the inverse problem of 

dynamics solution algorithm. 

Identification of external moments on the output shafts of MM electric drives is possible using the Kalman filter [6] 

and diagnostic observers [7], [8], [9], [10]. But Kalman filters are mainly applicable for linear systems with constant or 

slowly changing parameters and external influences. Therefore, they cannot be effectively used to identify rapidly 

changing external moments in underwater MM drives described by complex nonlinear differential equations with 

significantly and rapidly changing parameters. In contrast to filters, special diagnostic observers can not only detect the 

appearance of unaccounted moments on the output shafts of MM drives, but also determine their values. But, as analyses 

have shown, the accuracy of their work is largely determined by the values of the identified functions. In underwater MM, 

the parameters of their drives and external influences can vary over large ranges (especially when they move quickly), 

which ultimately leads to significant identification errors and, as a result, to a significant decrease of the movement 

accuracy of MM gripper along the prescribed trajectories. 

 

 

2. Problem statement 

 

The report sets and solves the problem of developing a new method for synthesizing combined systems for high-

precision movement control of grippers of underwater MM. This method contains three steps. At the first stage, using the 

recurrent algorithm [3] for solving the inverse problem of dynamics, an analytical calculation of the moments that occur 

in all degrees of mobility of MM when they move in the water environment is performed. Since this calculation is very 

approximate due to the complexity of accurately describing and determining the parameters of interaction of all MM links 

and cargo with the water environment, at the second stage, according to the well-known procedure described in [8], [9], 

[10] additional diagnostic observers are constructed using dynamic models of electric drives of each degree of mobility 

of MM, including the external moments approximated at the first stage. These observers, by using the disparity that 

formed by them, not only detect the occurrence of additional (unrecorded) moments due to the variable interaction of the 

moving MM with the viscous fluid, but also determine their value fairly accurately, as well as the magnitude of unexpected 

changes in the moments of viscous and coulomb friction in the electric drive units. All external torque effects determined 

at the first and second stages on electric drives of all degrees of MM mobility are compensated at the third stage using 

synthesized self-adjusting correction devices (SACD) [11], ensuring their accurate stabilization at the nominal level. 

 

 

3. Calculation of the moments that occur in the joints of the MM when it moves in the water environment 

 

To calculate and then compensate for the negative interactions between all the degrees of mobility of MM that occur 

when it moves at an arbitrary speed in the water environment, we can use a recurrent algorithm for solving the inverse 

problem of dynamics [3], in which it is assumed that each elementary part of the MM link 𝑖 with length 𝛿ℎ𝑖
∗ may have 

different speeds relative to the stationary fluid, not only by value, but also by direction. In addition, the force acting on 

this elementary part from the viscous environment can have a linear or quadratic dependence on the value of the movement 

speed of this part in the water environment. Therefore, each link of the 𝑛-dof manipulator in the proposed algorithm is 

divided into 𝑁 elementary parts, and the total force acting on the link i is defined as the sum of the forces applied to each 

elementary part 𝑗 = 1, 𝑁̅̅ ̅̅ ̅of this link. 

The algorithm for solving the inverse problem of dynamics for underwater MM has the form [3]:  

 

𝜔𝑖 = 𝐴𝑖
𝑖−1 ∙ 𝜔𝑖−1 + 𝑒𝑖 ∙ �̇�𝑖 ∙ �̅�𝑖 , 𝜔0 = 𝜔0

∗ , 𝑖 = 1, 𝑛̅̅ ̅̅̅; 

�̇�𝑖 = 𝐴𝑖
𝑖−1 ∙ �̇�𝑖−1 + [(𝐴𝑖

𝑖−1 ∙ 𝜔𝑖−1) × 𝑒𝑖 ∙ �̇�𝑖 + 𝑒𝑖 ∙ �̈�𝑖] ∙ �̅�𝑖 , �̇�0 = �̇�0
∗ , 𝑖 = 1, 𝑛̅̅ ̅̅̅; 

�̈�𝑖
′ = 𝐴𝑖

𝑖−1 ∙ (�̈�𝑖−1
′ + 𝛿𝑖−1 ∙ 𝑝𝑖−1

∗ ) + (2 ∙ �̇�𝑖 ∙ 𝜔𝑖 × 𝑒𝑖 + �̈�𝑖 ∙ 𝑒𝑖) ∙ 𝜎𝑖 , �̈�0
′ = 𝑃0

′∗, 𝑖 = 1, 𝑛̅̅ ̅̅̅; 

�̈�𝑚𝑖 = �̈�𝑖
′ + 𝛿𝑖 ∙ 𝑟𝑖

∗, 𝑖 = 1, 𝑛̅̅ ̅̅̅; 

v𝑖 = 𝐴𝑖
𝑖−1 ∙ (v𝑖−1 + 𝜔𝑖−1 × 𝑝𝑖−1

∗ ), v1 = v0, 𝑖 = 2, 𝑛̅̅ ̅̅̅; 

v𝐴𝑖 = v𝑖 + 𝜔𝑖 × 𝑟𝑖
∗, 𝜑𝑖 = arccos

v𝐴𝑖 ∙ 𝑝𝑖
∗

|v𝐴𝑖| ∙ |𝑝𝑖
∗|

, 𝑖 = 1, 𝑛̅̅ ̅̅̅; 

𝛼𝑖
∗ = arccos

v𝑖 ∙ 𝑝𝑖
∗

|v𝑖| ∙ |𝑝𝑖
∗|

, 𝛽𝑖
∗ = arccos

 𝜔𝑖 ∙ 𝑝𝑖
∗

| 𝜔𝑖| ∙ |𝑝𝑖
∗|

, 𝑖 = 1, 𝑛̅̅ ̅̅̅; 

𝑟𝑝𝑖 = 𝑟𝑖
∗ + 𝐾𝐴𝑖 ∙ v𝐴𝑖 , 𝑖 = 1, 𝑛̅̅ ̅̅̅; 

v𝑗
∗ = v𝑖 + 𝜔𝑖 × ℎ𝑗

∗, 𝜔𝐿𝑖 = |𝜔𝑖|𝑒𝐿𝑖 cos 𝛽𝑖
∗ , 𝑖 = 1, 𝑛̅̅ ̅̅̅, 𝑗 = 1, 𝑁̅̅ ̅̅ ̅; 

v𝐿𝑖
∗ = |v𝑖|𝑒𝐿𝑖 cos 𝛼𝑖

∗ , v𝑝𝑗
∗ = v𝑗

∗ − v𝐿𝑖
∗ , 𝑖 = 2, 𝑛̅̅ ̅̅̅, 𝑗 = 1, 𝑁̅̅ ̅̅ ̅; 

Re𝐿𝑖 =
𝜌v𝐿𝑖

∗ 𝑙𝑖

η
, 𝑖 = 𝑛, 1̅̅ ̅̅ ̅; 

if Re𝐿𝑖 ≤ 103, then 𝐹𝑅𝐿𝑖 = 𝑘𝐿𝑖ηv𝐿𝑖
∗ , 𝑖 = 𝑛, 1̅̅ ̅̅ ̅;   
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if Re𝐿𝑖 > 103, then 𝐹𝑅𝐿𝑖 =
1

2
𝜌𝑘𝐿𝑖𝑠𝑖v𝐿𝑖

∗ 2, 𝑖 = 𝑛, 1̅̅ ̅̅ ̅;   

Re𝑝𝑗 =
𝜌v𝑝𝑗

∗ 𝑟𝑖

η
, 𝑖 = 𝑛, 1̅̅ ̅̅ ̅, 𝑗 = 1, 𝑁̅̅ ̅̅ ̅; 

if Re𝑝𝑗 ≤ 103, then 𝐹𝑅𝑝𝑗 = 𝑘𝑖
∗ηv𝑝𝑗

∗ , 𝑖 = 𝑛, 1̅̅ ̅̅ ̅, 𝑗 = 1, 𝑁̅̅ ̅̅ ̅;  

if Re𝑝𝑗 > 103, then 𝐹𝑅𝑝𝑗 =
1

2
𝜌𝑘𝑖

∗𝑟𝑖𝛿ℎ𝑖
∗v𝑝𝑗

∗ 2, 𝑖 = 𝑛, 1̅̅ ̅̅ ̅, 𝑗 = 1, 𝑁̅̅ ̅̅ ̅;  

𝐹𝑅𝑝𝑖 = ∑ 𝐹𝑅𝑝𝑗

𝑁

𝑗=1

, 𝑖 = 𝑛, 1̅̅ ̅̅ ̅, 𝑗 = 1, 𝑁̅̅ ̅̅ ̅; 𝑀𝑅𝑝𝑗 = ℎ𝑗
∗ × 𝐹𝑅𝑝𝑗 , 𝑗 = 1, 𝑁̅̅ ̅̅ ̅; 

𝑀𝑅𝑝𝑖 = ∑ 𝑀𝑅𝑝𝑗

𝑁

𝑗=1

, 𝑖 = 𝑛, 1̅̅ ̅̅ ̅, 𝑗 = 1, 𝑁̅̅ ̅̅ ̅; 𝑀𝐿𝑖 = 𝑘𝐿𝑖
∗ η𝑟𝑖𝜔𝐿𝑖 , 𝑖 = 𝑛, 1̅̅ ̅̅ ̅; 

𝐹𝑖 = 𝐴𝑖
𝑖+1 ∙ 𝐹𝑖+1 + (𝑚𝑖 + П𝑚𝑖) ∙ �̈�𝑚𝑖 + 𝐹𝑅𝐿𝑖 + 𝐹𝑅𝑝𝑖 , 𝐹𝑛+1 = 0, 𝑖 = 𝑛, 1̅̅ ̅̅ ̅; 

𝑀𝑖 = 𝐴𝑖
𝑖+1 ∙ 𝑀𝑖+1 + 𝑝𝑖

∗ × (𝐴𝑖
𝑖+1 ∙ 𝐹𝑖+1) + 𝑟𝑖

∗ × (𝑚𝑖 ∙ �̈�𝑚𝑖) + 𝑟𝑝𝑖 × (П𝑚𝑖 ∙ �̈�𝑚𝑖) + (𝜏𝑖 + 𝑇𝑖) ∙ �̇�𝑖 + 

+𝜔𝑖 × ((𝜏𝑖 + 𝑇𝑖) ∙ 𝜔𝑖) + 𝑀𝑅𝑝𝑖 + 𝑀𝐿𝑖 , 𝑀𝑛+1 = 0, 𝑖 = 𝑛, 1̅̅ ̅̅ ̅; 

 

where 𝛿𝑖 = [

−(𝜔𝑖(2)
2 + 𝜔𝑖(3)

2 ) 𝜔𝑖(1) ∙ 𝜔𝑖(2) − �̇�𝑖(3) 𝜔𝑖(1) ∙ 𝜔𝑖(3) + �̇�𝑖(2)

𝜔𝑖(1) ∙ 𝜔𝑖(2) + �̇�𝑖(3) −(𝜔𝑖(1)
2 + 𝜔𝑖(3)

2 ) 𝜔𝑖(2) ∙ 𝜔𝑖(3) − �̇�𝑖(1)

𝜔𝑖(1) ∙ 𝜔𝑖(3) − �̇�𝑖(2) 𝜔𝑖(2) ∙ 𝜔𝑖(3) + �̇�𝑖(1) −(𝜔𝑖(1)
2 + 𝜔𝑖(2)

2 )

] (a subscript in round brackets indicates 

the number in the respective vectors); v𝑖 ∈ 𝑅3 is the linear velocity of the joint 𝑖; 𝜔𝑖 ∈ 𝑅3 is the angular velocity of 

rotation of the link 𝑖; 𝑝𝑖
∗ ∈ 𝑅3 is the vector coincident with the longitudinal axis of the link 𝑖, defining the position of the 

hinge (𝑖 + 1) relative to the hinge 𝑖; e𝐿𝑖 ∈ 𝑅3 is the unit vector directed along the longitudinal axis of the link 𝑖; ℎ𝑖
∗ ∈ 𝑅3 

is the vector defining the center of mass of the elementary part 𝑗 of the link 𝑖  with the length 𝛿ℎ𝑗
∗ relative to the hinge 𝑖; 

𝑙𝑖 and 𝑟𝑖 are respectively the length and radius of the link 𝑖; 𝐴𝑖
𝑖−1 is the matrix of translation of vectors from (𝑖 − 1) to 

the 𝑖 coordinate system;  𝑒𝑖 = (0 0 1)𝑇 is the unit vector directed along the axis of the joint 𝑖; v0 ∈ 𝑅3 is the linear velocity 

of the MM attachment point to the underwater vehicle, 𝜔𝑖
∗ ∈ 𝑅3 is the angular velocity of the vehicle rotation; 𝑞𝑖 is the 

generalized coordinate 𝑖 of the MM; v𝑗
∗ ∈ 𝑅3 is the linear speed vector of moving of center of mass of each element 𝑗 of 

the link 𝑖; v𝐿𝑖
∗ ∈ 𝑅3 and v𝑝𝑗

∗ ∈ 𝑅3 are respectively the longitudinal and transverse components of the vector v𝑗
∗; Re𝐿𝑖 and 

Re𝑝𝑗 are respectively the Reynolds numbers when moving the MM links parallel and perpendicular to their longitudinal 

axes; 𝜌 и η are respectively the density and viscosity of a liquid; 𝑘𝐿𝑖
∗ , 𝑘𝑖

∗ and 𝑘𝐿𝑖 are the experimentally determined 

coefficients of a viscous friction; 𝑠𝑖 is the ground area of the cylindrical link 𝑖; 𝐹𝑅𝑝𝑗 ∈ 𝑅3 is the component of the viscous 

friction force acting on the corresponding elementary part 𝑗 of the link 𝑖, directed perpendicular to the longitudinal axis 

of the link; 𝐹𝑅𝐿𝑖 ∈ 𝑅3 is the component of the viscous friction forces, directed along the longitudinal axis of the MM link 

𝑖; 𝑀𝑅𝑝𝑗 ∈ 𝑅3 is the moment created by the force 𝐹𝑅𝑝𝑗; 𝐹𝑅𝑝𝑖 ∈ 𝑅3 is the total force created by the forces 𝐹𝑅𝑝𝑗; 𝑀𝑅𝑝𝑖 ∈ 𝑅3 

is the moment created by the force 𝐹𝑅𝑝𝑖; v𝐴𝑖 ∈ 𝑅3 is the linear velocity of the center of mass of the link 𝑖; 𝜎𝑖 = 1 if joint 

𝑖 is translational and 𝜎𝑖 = 0, if it is rotational (�̅�𝑖 = 1 − 𝜎𝑖); 𝑚𝑖 is the mass of the link 𝑖; �̇�𝑖 ∈ 𝑅3 is the angular 

acceleration of the link 𝑖; 𝜔𝐿𝑖 ∈ 𝑅3 is the component of the angular velocity 𝜔𝑖, parallel to the longitudinal axis of the 

link 𝑖; 𝑀𝐿𝑖 ∈ 𝑅3 is the moment produced by the rotation of the link 𝑖 with the speed 𝜔𝐿𝑖; П𝑚𝑖 is the mass of a fluid attached 

to the link 𝑖; �̈�𝑚𝑖 ∈ 𝑅3 is the linear acceleration of the link 𝑖 center of mass; 𝑟𝑝𝑖 ∈ 𝑅3 is the vector defining position of the 

center of mass П𝑚𝑖 relative to the joint 𝑖; 𝑟𝑖
∗ is the vector that specifies the center of mass of the link 𝑖 relative to the joint 

𝑖; 𝐾𝐴𝑖 is the parameter that depends on |v𝐴𝑖| and the angle 𝜑𝑖; 𝜏𝑖 ∈ 𝑅3×3 is the link 𝑖 inertia tensor about its center of 

mass; 𝑇𝑖 ∈ 𝑅3×3 is the inertia tensor of the mass of a fluid attached to the link 𝑖; 𝐹𝑖 , 𝑀𝑖 ∈ 𝑅3 are force and moment acting 

at the joint 𝑖; 𝑃0
′∗ = −𝑔 + �̈�𝑈𝑉

′ , if the centers of mass of all MM links do not coincide with their centers of buoyancy; 

𝑃0
′∗ = 𝑔 (

𝑤𝑖

𝑚𝑖
− 1) + 𝑃′̈ 𝑈𝑉, if the centers of mass of all links of the MM coincide with their centers of value; �̈�𝑈𝑉

′ ∈ 𝑅3 is 

the linear acceleration of the MM base; 𝑔 is the gravitational acceleration of a body; 𝑤𝑖 is the mass of a liquid displaced 

by the link 𝑖; (×) and (·) are vector and scalar products of vectors, respectively. 

As a result, the calculated external moment Pi(𝑡), acting on the output shaft of the i-th MM electric drive, will be 

determined by the equality Pi(𝑡)= Mi(3)(𝑡), where the subscript 3 in round brackets indicates the element number in the 

corresponding vector Mi(𝑡). In what follows, for simplicity of the introduced designations, the indices i, denoting the 

number of the corresponding MM degree of mobility, will be omitted. 

 

 

4. Description of diagnostic observers 

 

As noted above, accurate a priori determination of the MM parameters, its electric drives and a viscous fluid, and even 

more so of the objects being moved, is almost always difficult. In addition, unexpected changes may occur during the 
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work execution. As a result, it is not possible to provide high-quality MM control using only the algorithm for solving 

the inverse problem of dynamics. For more accurate determination of the features of external influences on MM electric 

drives, additional diagnostic observers should be synthesized and used at the second stage, as discussed below. 

Equations of electric drives of the underwater MM with the introduction of phase coordinates  𝑥1(𝑡) = 𝑞(𝑡), 𝑥2(𝑡) =
 �̇�(𝑡), 𝑥3(𝑡) = 𝐼(𝑡), measured by the corresponding sensors, and the 𝑃 value calculated above can be represented in 

matrix form 

 

�̇�(𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡) + 𝐺(𝑥2(𝑡), 𝑃∗(𝑡)) + 𝐷𝑑(𝑡), (1) 

 

where 𝐴 = [

0 1/𝑖р 0

0 −𝑘v/𝐽Σ 𝑘м/𝐽Σ

0 −𝑘𝜔/𝐿 −𝑅/𝐿

]; 𝑥(𝑡) = [

𝑞(𝑡)
�̇�(𝑡)
𝐼(𝑡)

]; 𝐵 = [

0
0

𝑘𝑔/𝐿
]; G(𝑡) = [

0
−𝑀clmb(𝑥2(𝑡))−𝑃∗(𝑡)

𝐽Σ

0

]; 𝐷 = [
0
1
0

]; 𝑞(𝑡) is the angle 

of rotation of the output shaft of the electric drive unit; �̇�(𝑡) is the rotation speed of the motor rotor; R, L, 𝐼(𝑡) are the 

active resistance, inductance and current of the armature circuit, respectively; 𝑘𝜔, 𝑘м, 𝑘g are the coefficients of counter-

EMF, moment and amplifier gain; 𝑢(𝑡) is the input voltage; 𝐽Σ is the moment of inertia of the motor rotor and rotating 

parts of the gearbox, given to this rotor; 𝑘v is the nominal coefficient of viscous friction; 𝑀clmb is the nominal coulomb 

friction moment of the motor and its gearbox; 𝑀clmb = {
𝑀fr𝑠𝑖𝑔𝑛(𝑥2(𝑡)),  if 𝑥2(𝑡) ≠ 0 

0,  if 𝑥2(𝑡) = 0
; 𝑀fr is the value of the coulomb 

friction moment of movement; 𝑃∗(𝑡) = 𝑃(𝑡) 𝑖р⁄  – moment 𝑃(𝑡), brought to the motor rotor; 𝑖р – differential ratio of 

gearbox. 

In equation (1) the function 𝑑(𝑡) defines an unknown total moment effect described by the equation  

 

𝑑(𝑡) = −
1

𝐽𝛴
[�̃�v𝑥2(𝑡) + �̃�clmb(𝑥2(𝑡)) + �̃�∗(𝑡)],   

 

where �̃�v, �̃�clmb(𝑥2(𝑡)), �̃�∗(𝑡) are the values of deviations of the viscous friction coefficient and the coulomb friction 

moment from their nominal values, as well as �̃�∗(𝑡) is the value of deviation of external moments from the calculated 

value of 𝑃∗(𝑡), respectively. 

To identify the value 𝑑(𝑡), we can use diagnostic observers synthesized using methods described in [8], [9], [10]. 

Desired observer equation can be described by the formula 

 

𝑥∗̇(𝑡) = 𝐴∗𝑥∗(𝑡) + 𝐵∗𝑢(𝑡) + 𝐺∗ + 𝐽∗𝑦(𝑡) − 𝑘𝑒𝑦(𝑡) + 𝐷∗𝑣(𝑡), (𝐽∗ ∈ 𝑅3), (2) 

 

where the symbol «*» is marked on the bottom of the matrix and vectors describing the observer, the elements of which 

differ from the corresponding elements of the matrices and vectors of the models of drives (2); k is a positive constant; 

𝑒𝑦(𝑡) = Фх(𝑡) − х∗(𝑡) ∈ 𝑅3 is the disparity that allows to set differences between parameters of respective actuators of 

the MM from their nominal values in the system (2) (if 𝑒𝑦(𝑡)  ≠ 0 and 𝑑(𝑡) ≠ 0); Ф ∈ 𝑅3 is the vector to be determined; 

the function 𝑣(𝑡) has the form 𝑣(𝑡) = {
−𝑔∗

𝑒𝑦(𝑡)

|𝑒𝑦(𝑡)|
, if 𝑒𝑦(𝑡) ≠ 0,

0  else,
, 𝑔∗ is the positive constant. 

When synthesizing the observer that determines the appearance of a non-zero function 𝑑(𝑡) in the system (1), one 

should define the matrices 𝐴∗, 𝐵∗ and vectors  𝐽∗, Ф. By introducing the well-known condition [9], [10] ФD ≠ 0 of the 

dependence of the disparity on 𝑑(𝑡), the vector Φ can be formed as Φ = [0 1 0]. 
It is advisable to solve the problem of constructing diagnostic observers in the canonical Kronecker form [9], [10]. In 

this case, taking into account the dimension of the synthesized observers, the equality  𝐴∗ = 0 is valid. Given this equality 

and the validity of the relations 𝐽∗ = Φ𝐴, 𝐵∗ = Φ𝐵, 𝐺∗ = Φ𝐺, 𝐷∗ = Φ𝐷 [9], [10], the desired observer can be described 

by the equation 

 

�̇�∗(𝑡) = −
𝑘v

𝐽𝛴
�̇�(𝑡) +

𝑘м

𝐽𝛴
𝐼(𝑡) −

𝑀clmb(𝑥2(𝑡))

𝐽𝛴
−

𝑃∗(𝑡)

𝐽𝛴
− 𝑘𝑒𝑦(𝑡) + 𝑣(𝑡). (3) 

 

It is known [11] that when 𝑔∗ > |𝑑(𝑡)| is chosen, the observer (3) converges asymptotically, i.e. the estimation error 

𝑒𝑦(𝑡) = Φ𝑥(𝑡) − 𝑥∗(𝑡) → 0 when 𝑡 → ∞. In this case, the value d(t) can be estimated with high accuracy using a low-

pass filter [12]: �̂�(𝑡) = 𝑣𝑓(𝑡), where �̂�(𝑡) is the estimate of the function 𝑑(𝑡) obtained by the observer (3); 𝑣𝑓(𝑡) is the 

value of the function 𝑣(𝑡) passed through the low–pass filter. 

Thus, the use of additional observers (4) for electric drives of each MM degree of mobility provides detection and 

evaluation of the values of unaccounted moments that appear due to inaccuracy in calculating the value of 𝑃∗(𝑡), as well 

as deviations of the moments of viscous and coulomb friction in these drives from their nominal values. 
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5. Synthesis of self-adjusting correction devices for MM electric drives 

 

The third stage of solving the task is the synthesis of the SACD for all electric drives of the MM for stabilization of 

their dynamic properties and, hence, accuracy of work with the rapid changes of the external moments, and the changing 

moments of coulomb and viscous friction in these drives. It is proposed to synthesize these SACD using an approach 

based on the stabilization of the parameters of differential equations describing MM electric drives [11]. To do this, it is 

necessary to rewrite the differential equation of each loaded electric drive (1), taking into account that when they move, 

the equality �̇�clmb = 0 is valid: 

 

𝑢(𝑡)𝑘𝑔𝑘м = 𝐿𝐽Σ𝛼(𝑡) + (𝑘v𝐿 + 𝐽Σ𝑅)�̈�(𝑡) + (𝑅𝑘v + 𝑘𝜔𝑘м)�̇�(𝑡) + 𝐿 (�̇�∗(𝑡) + �̇̂�(𝑡)) + 

+𝑅(𝑃∗(𝑡) + �̂�(𝑡) + 𝑀clmb). 
(4) 

 

The desired linear differential equation for each electric drive with nominal constant parameters and stable dynamic 

properties has the form: 

 

�̂�(𝑡)𝑘𝑔𝑘м = 𝐿𝐽Σ𝛼(𝑡) + 𝐽Σ𝑅�̈�(𝑡) + 𝑘𝜔𝑘м�̇�(𝑡), (5) 

 

where �̂�(𝑡) is the control signal received at the input of the SACD.  

Expressing the value of the highest derivative 𝑎(t) from the equation (5) and substituting it into the original equation 

(4), it is easy to obtain the desired control law. Given that in modern electric drives of the MM the electrical time constant 

is usually small (
𝐿

𝑅
≪ 1), so this equation will have the form:  

 

𝑢(𝑡) =
1

𝑘𝑔𝑘м
[𝑘v𝑅�̇�(𝑡) + 𝑅 (𝑃∗(𝑡) + �̂�(𝑡)) + 𝑀clmb𝑅] + �̂�(𝑡). (6) 

 

 

6. Simulation results 

 

To explore the features of the synthesized control system functioning in the Matlab Simulink, the simulation of the 

operation of a three-dof MM with a PUMA kinematic scheme [13], which has only three translational degrees of mobility, 

was performed. Its gripper was moving along the sinusoidal trajectory 𝑓𝑦(𝑥∗) = 0.5sin(10𝑥) + 0.05, 𝑓𝑧(𝑥∗) = 0.01, 

which was set using the trajectory generator [14], with a constant speed of 0.6 m/s.  

When modeling the work, the MM parameters described in [13] were used. It was assumed that in all degrees of 

mobility of MM the same electric drives with DC motors of independent excitation or permanent magnets were installed, 

having the following parameters: 𝐽Σ = 0.0001 kgm2, 𝑅 = 0.2 Ohm, 𝑘y =  35, 𝑖𝑝 = 100, 𝑘𝜔 = 0.02 Vs, 𝑘м = 0.02 

Nm/A, 𝑘в = 0.005 Nms/rad, 𝑀fr = 0.06 Nm, 𝐿 = 0.002 𝐻. Observers (3) with parameters 𝑘 = 10 и 𝑔∗ = 7000 were 

used for each electric drive. All electric drives used the SACD (6), and standard additional correction devices – PID-

regulators with the following coefficients: 𝑘𝑃 = 10, 𝑘𝐼 = 0.01, 𝑘𝐷 = 0.4.  
To simulate additional external moments �̃�∗(𝑡) that occur in MM electric drives, the algorithm for solving the inverse 

problem of dynamics used 20% increased values of viscous friction coefficients, attached masses, and moments of inertia 

of a liquid. The moments (𝑃∗(𝑡) + �̃�∗(𝑡)) calculated this way fed to MM electric drives. In addition, at time 𝑡 = 2 sec in 

electric drives of all MM degrees of mobility, the coefficients of viscous friction and coulomb friction moments increased 

by 20 % of their nominal values. 

Figure 1 shows the values of dynamic errors ε(𝑡) of the gripper movement along the given program trajectory: without 

using synthesized SACD in MM electric drives (curve 1), with using of SACD (6) (curve 2) taking into account only the 

calculated values of 𝑃∗(𝑡), and the curve 3 shows the accuracy of the system with using of additional observers (3). 
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Figure 1 – Values of dynamic errors at the MM gripper movements along the given trajectory 

 

From the presented graphs, it can be seen that the error value without using the SACD reaches 32 mm, and with using 

of the SACD, this error does not exceed 15 mm. At the same time, the use of additional observers that allow taking into 

account the values of moments leads to a decrease of the dynamic error of movement of the MM gripper to 0.4 mm in 

most of trajectory areas. 

Thus, the results of numerical simulation confirmed the operability of the synthesized system, which allows to 

significantly increase the accuracy of various technological operations performed by the underwater MM at high speed.  

 

 

7. Conclusion 

 
The report describes solving of the problem of increasing the accuracy of the underwater MM gripper movement when 

it moves in a liquid at high speed. To solve the presented problem, the new three-stage method for synthesizing a combined 

system for high-precision movement control of an underwater MM was developed. At the first stage of the proposed 

method, using a recurrent algorithm for solving the inverse problem of dynamics, an approximate calculation of the 

moments that occur in all MM degrees of mobility when it moves in a water environment was performed. At the second 

stage, using dynamic models of electric drives of each MM degree of mobility, including approximately calculated 

external moments, additional observers were built. The use of these observers provides detection and estimation of the 

values of unaccounted moments that occur in the MM degrees of mobility when it moves in a viscous fluid, as well as 

deviations of the moments of viscous and coulomb friction in the drives from their nominal values. All external moment 

effects determined at the first and second stages on the output shafts of the electric drive rotors of all degrees of mobility 

are compensated by means of SACD at the third stage. Simulation results confirmed the efficiency of the synthesized 

system. Usage of this system makes it possible to reduce the MM gripper dynamic positioning error multiple times. It 

should be noted that the greatest efficiency of the method is achieved when the underwater vehicle is rigidly fixed near 

the object of work. If the vehicle is in hang mode, it is necessary to take into account the capabilities of the stabilization 

system to compensate the negative dynamic effects from the moving MM. Therefore, further research will focus on the 

development of methods for generating such a speed of the MM at which the stabilization system will allow the 

underwater vehicle to be held near the object of work. 
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