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1. Introduction

Automatic control of nonlinear objects is a well-known 
scientific problem in the theory of automatic control. Synthe-
sis of nonlinear automatic control systems (ACS) typically 
requires taking into account the features of each particular 
object. A known method for synthesizing nonlinear ACSs is 
the method of inverse dynamics [1]. It makes it possible to 
synthesize ACSs of high dynamic accuracy provided there is 
a precise model of the dynamics of a nonlinear object of con-
trol. The synthesis problem is even more complicated in cases 
when ACS of a nonlinear object operates under conditions of 
uncertainty: structural, parametrical, or disturbing influenc-
es. The inverse controller of ACS requires the application of 

appropriate compensation contours. Otherwise, uncertainties 
would lead to a significant deterioration in the quality of ACS.

A typical example of a nonlinear object, which operates 
under conditions of uncertainty, is a tethered underwater 
remotely operated vehicle (ROV). Tethered ROVs operate 
as part of underwater complexes with flexible tethers [2]. 
The conditions of uncertainty are formed by the following 
factors. First, these are parametric uncertainties. The math-
ematical models of ROVs are developed sufficiently enough 
to synthesize ACSs, for example, by the method of inverse 
dynamics. However, the procedure for determining their 
parameters is complicated, it requires conducting pool and 
marine full-scaled tests, and its implementation is not always 
possible in practice [3]. Second, these are the uncertainties 
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Синтез систем автоматичного керування (САК) 
нелінійними об’єктами представляє собою відому нау-
кову проблему. Метод оберненої динаміки дає змогу син-
тезувати високоточні САК нелінійними об’єктами. Але в 
умовах невизначеності якість керування суттєво погір-
шується і САК не виконує поставлену задачу. В резуль-
таті даного дослідження отримав подальший розвиток 
метод оберненої динаміки для синтезу високоточних 
САК нелінійними об’єктами в умовах невизначеності. 
Синтезовано узагальнену структуру інверсного закону 
керування як основу для керування нелінійними об’єктами 
в умовах невизначеності. Згідно цієї структури інверсний 
закон керування формується на основі неточної інверсної 
моделі об’єкта керування та містить невизначену скла-
дову керуючого впливу для компенсації невизначеностей. 
Синтезовано закон компенсації невизначеностей на основі 
методу мінімізації локальних функціоналів. Він містить 
неточну модель об’єкта керування і забезпечує наближен-
ня її виходу до керованої величини. Закон компенсації дає 
змогу САК працювати в умовах невизначеності і при від-
повідному виборі еталонних моделей забезпечувати висо-
ку динамічну точність керування нелінійним об’єктом. 
Синтезовано САК вертикальним рухом прив’язного теле-
керованого підводного апарата. Синтез виконувався на 
основі неточної моделі об’єкта керування. Порядок моделі 
був на одиницю менший за порядок об’єкта, частину 
моделі, яка відповідає за формування керуючої сили, було 
суттєво спрощено, збурюючи впливи кабель-троса не 
враховувались. Таким чином було забезпечено структурні 
та параметричні невизначеності. Дослідження динаміки 
перехідних процесів САК виконано на основі комп’ютер-
ної реалізації моделі одновимірного руху телекерованого 
підводного апарата як об’єкта третього порядку з ура-
хуванням збурюючого впливу кабель-троса. Результати 
комп’ютерного експерименту показали високу динамічну 
точність САК в умовах структурної та параметричної 
невизначеностей моделі об’єкта керування під впливом 
невизначених збурень кабель-троса

Ключові слова: система автоматичного керування, 
метод мінімізації локальних функціоналів, прив’язний 
підводний апарат
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created by the environment. An underwater vehicle moves 
in water; only an approximate assessment of its effect on 
ROV is possible. Third, ROV is mechanically connected via 
a flexible tether – a tether-cable (TC) – to a surface support 
vessel (SV). Any displacements of SV affect the motion of 
ROV. It is possible to assess these effects using an appropri-
ate mathematical model of flexible tether [4]. However, the 
accuracy of such an assessment depends strongly on measur-
ing the movements of SV, a water flow diagram, parameters 
of TC, etc. The cumulative impact of uncertainties in the 
control of non-linear objects, specifically ROVs, could lead 
to a significant deterioration in the quality of automatic con-
trol: the emergence of overregulation, a static control error. 
Overregulation poses a threat of ROV hitting the ground or 
underwater objects. The existence of a static error compro-
mises quality or completely prevents underwater operation 
completion. Improving the method of inverse dynamics for 
operations under conditions of uncertainty would make 
it possible to synthesize high-precision ACSs of nonlinear 
objects, including remotely operated underwater vehicles.

2. Literature review and problem statement

Paper [5] proposed ACS of spatial movement of ROV 
based on a PID controller. The authors suggested an algo-
rithm for positioning the vehicle relative to the underwater 
object by determining the distance based on the image from 
a video camera. The quality of control processes depends on 
the adjustment of parameters for the controller.

Study [6] proposed solving a task on the motion control 
of ROV by using ACS based on a multidimensional adap-
tive PID controller. Parameters for the controller are set 
by a neural network. The process of adjusting the proposed 
system is complicated by a possibility for the value of a loss 
function to enter the vicinity of a local minimum.

Authors of [7] proposed ACS of spatial movement of RUV 
with a high dynamic accuracy. Motion control of the vehicle 
is carried out by a multidimensional PID controller whose ro-
bust properties are enabled by entering the mode of “sliding”. 
The process of control of the ROV motion when using such a 
system is accompanied by the effect of a high-frequency step-
wise change in the signals of control of propulsion devices, 
which leads to a decrease in the duration of their service life.

A multidimensional motion speed controller for unmanned 
vehicle under the mode of sliding is proposed in [8]. Compen-
sation for the effect of the attached masses of the environment 
on velocity motion parameters is executed by decomposing the 
matrix of inertial characteristics of the object of control. The 
authors note that this controller is feasible only at low motion 
speeds of the object and in the absence of external disturbances.

Paper [9] suggested ACS of spatial movement of ROV 
based on a fuzzy controller. The quality of control processes, 
which are enabled by such a system, is significantly reduced 
under conditions of action of external disturbances.

Study [10] proposed ACS of spatial movement of ROV 
based on a neural-fuzzy controller that could compensate for 
the impact of nonlinearity of propulsion devices of the type 
“a zone of insensitivity”. However, high accuracy of control 
process is achieved by reducing the dynamic range of pro-
pulsion devices. 

Article [11] suggested a multi-dimensional ACS of spa-
tial movement of ROV based on a PID-controller. The 
compensation for external disturbances is executed by a 

nonlinear observer with a high coefficient of amplification. 
The quality of control processes, implemented by the ACS, 
depend on the stability of sampling periods of feedbacks.

Authors of [12] proposed a motion control system for the 
system “manipulator ‒ underwater vehicle” based on a linear 
robust controller. The impact of uncertainties and external 
disturbances is eliminated by the circuit that includes a math-
ematical model of the control object. The accuracy of model 
parameters significantly affects the quality of transients.

An analysis of the scientific literature reveals the follow-
ing. Control of non-linear moving objects under conditions 
of uncertainty employs methods for synthesizing robust 
controllers. However, they do not provide for a high dy-
namic accuracy of control, or operate under the mode of a 
high-frequency switching of controlling influence. To ensure 
precise control, one would need information on the structure 
and parameters of a mathematical model, as well as on the 
numerical values for disturbing influences. The necessity to 
synthesize ACS, capable to ensure high accuracy of control 
under conditions of uncertainty, predetermines the rele-
vance of our study.

3. The aim and objectives of the study

The aim of the study is to improve the method of inverse 
dynamics by collecting uncertain influences into a separate 
variable and to find its numerical value using a gradient 
method. This would make it possible to synthesize automat-
ic control systems of non-linear objects with high dynamic 
accuracy under conditions of uncertainty.

To accomplish the aim, the following tasks have been set:
– to improve the classic method of inverse dynamics in 

order to synthesize ACSs of nonlinear objects under condi-
tions of uncertainty; 

‒ to synthesize the law of compensation for uncertainty; 
‒ to synthesize a precise ACS of a one-dimensional mo-

tion of ROV; 
– to examine the operation of the synthesized ROV ACS 

under conditions of uncertainty.

4. Materials and methods for the improvement of  
the method of inverse dynamics for automatic control of  

a nonlinear object under conditions of uncertainty 

4. 1. Classic method of inverse dynamics
Let the dynamics of a one-dimensional object of control 

be described by a nonlinear differential equation of the N-th 
order [1]:

f y un
s
qs( ) ( )( ) =, , ;λ 0  

n N= 0 1 2, , , , ;  s S= 0 1 2, , , , ;  q Qs s= 0 1 2, , , , ,

where y is the controlled magnitude, λs is the disturbing in-
fluence, S is the total number of disturbing influences, Qs is 
the order of the s-th disturbing influence, u is the controlling 
influence, N is the order of control object. Upper indexes (n) 
and (qs) denote the orders of derivatives for time. 

The magnitude y(N) is the senior derivative from the con-
trolled magnitude of the object. It represents the velocity of 
change in phase coordinate y(N–1) and explicitly depends on 
controlling influence u. 
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For the movement of an object along the desired trajec-
tory, the following condition should be satisfied at any time 
point:

y t y tN
d
N( ) ( )=( ) ( ),

where yd
N( )  is the desired value for the senior derivative from 

the controlled magnitude. 
Parameter yd

N( )  is determined from the reference model 
that relates the controlled magnitude y to control task yg(t). 
A reference model is assigned by a differential equation with 
the desired dynamic characteristics:

y y yd
N i

g
j( ) ( ) ( )= ( )Φ , ;  i N= -0 1 2 1, , , , ;  j J= 0 1 2, , , , ,  (1)

where J is the senior derivative from control task yg. 
To ensure the high dynamic accuracy of control, the 

reference model contains derivatives from control task yg; in 
this case, the condition J≥N must be met [13]. 

The mathematical model of the control object yields its 
inverse model:

u f y yN i
s
qs= ( )( ) ( ) ( ), , ;λ  

i N= -0 1 2 1, , , , ;  s S= 0 1 2, , , , ;  q Qs s= 0 1 2, , , , .

The desired value for a controlling influence is found by 
substituting yd

N( )  instead of y N( )  in the inverse model of the 
object:

u f y yd
N i

s
qs= ( )( ) ( ) ( ), , .λ     (2)

The input of the inverse model must receive information 
on disturbing influences. If the inverse model is not reliable 
or there is no information about the disturbance, ACS will 
not be able to ensure a high dynamic accuracy of control.

4. 2. Synthesis of the generalized structure of control 
law to operate under conditions of uncertainty

Let the dynamics of a control object be exactly described 
by the following nonlinear differential equation:

y f u yN
real

i
s
qs( ) ( ) ( )= ( ), , .λ

Then the ideal controlling influence, which could ensure 
the high dynamic accuracy of control, can be determined 
based on a reference model (1), and the absolutely precise 
inverse model of a control object:

u f y yideal inv real d
N i

s
qs= ( )( ) ( ) ( )

. , , .λ

When constructing mathematical models for control 
objects, certain assumptions are made. As a result, the dy-
namics of a control object is modeled imprecisely:

y f u ym
N

m m
i

s
qs( ) ( ) ( )= ( ), , ;λ

y ym
N N( ) ( )≠ .

According to the method of inverse dynamics, con-
trolling influence is determined based on the reference 
model (1) and the imprecise model of a control object fm(∙):

u f y ym inv m d
N i

p

qp= ( )( ) ( ) ( )
. , , ;λ

p P= 0 1 2, , , , ;

q Qp p= 0 1 2, , , , ,

where λp is the disturbing influence whose magnitude is 
determined. 

In a general case, um≠uideal. Quality of control would 
depend on the extent to which finv.m(∙) matches finv.real(∙) and 
how insignificant the unidentified disturbing influences are. 

We shall introduce an uncertain component of con-
trolling influence so that it is possible to equate um to uideal:

u u um x ideal- = ,

where ux is the uncertain component of the controlling in-
fluence.

Then, the ideal signal of control can be obtained based 
on the imprecise inverse model of control object under un-
certain disturbing influences:

u f y y uideal inv m d
N i

p

q

x
p= ( ) -( ) ( ) ( )

. , , .λ    (3)

Parameter ux changes dynamically in the process of 
control and characterizes the manifestation of all the uncer-
tainties of control object in totality. 

The reference model (1) and the inverse model (3) form 
the generalized law of control of a nonlinear one-dimensional 
object under conditions of uncertainty.

4. 3. Synthesis of the law for the compensation of 
uncertainties

Because parameter ux is uncertain, then it is impossible 
to obtain at the output from ACS controller a signal of con-
trol equal to uideal. Given this, u is proposed to be determined 
from the condition of approaching u uideal→ :

u f y y uinv m d
N i

p

q

D
p= ( ) -( ) ( ) ( )

. , , ;λ  u uD x→ ,   (4)

where uD is the signal to compensate for uncertainties. 
Parameter uD defines the extent to which the inverse 

model finv.m(∙) differs from the ideal inverse model finv.real(∙) of 
control object. At any point in time, it has to compensate for 
the structural and/or parametrical inaccuracies in the math-
ematical model of control object, inaccurately measured 
and/or uncertain disturbing influences. 

In order to ensure that u uD x→ ,  we suggest ensuring 
y t y tm( ) ( ).→  In this case, ym(t) must be determined based 

on the model of control object taking into account the pa-
rameter uD:

y f u u ym
N

m D m
i

p

qp( ) ( ) ( )= +( ), , .λ

Given this, we propose introducing to the structure of 
ACS a model of control object fm(∙). The structure of such an 
ACS is shown in Fig. 1.

The structure of ACS’s controller includes the reference 
model, the control object inverse model, the control object 
dynamics model, and the uncertainties compensation unit. 
The task of the latter is to compute magnitude uD in order to 
ensure y t y tm( ) ( ).→

The law of compensation for uncertainties, which would 
ensure y t y tm( ) ( )→  and on whose basis the uncertainties 
compensation unit in ACS would work, will be synthesized 
by the method of minimizing local functionals [14]. To be 
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minimized is functional G(uD), which is a normalized energy 
of the senior derivative from the output of model for the con-
trol object’s dynamics:

G u y yD dm
N

m
N( ) ,( ) ( )= - 

1
2

2
   (5)

where ydm
N( )  is the desired value for the senior derivative from 

the output of control object dynamics model.

The magnitude ydm
N( )  is derived from a reference model of 

the circuit that compensates for uncertainties:

y y ydm
N

m
i j( ) ( ) ( )= ( )Φ , ;  i N= -0 1 2 1, , , , ;  j J= 0 1 2, , , , .  (6)

If one draws an analogy with the reference model (1), 
then the control task in (6) is the magnitude y, and a con-
trolled parameter is the magnitude ym. 

An absolute minimum of functional min ( )
u D

D

G u = 0  is  
 
reached under condition uD=ux. To this end, parameter ux 
should be determined, which contradicts the set task to syn-
thesize ACS under conditions of uncertainty. Therefore, at 
each point in time t>0, the value for functional G(uD) must 
be within a small vicinity of the extremum-minimum. 

A signal of the compensation for uncertainties uD 
will be computed via a gradient search for an extremum 
min ( )

u D
D

G u → 0 :

du t
dt

G u
u

D D

D

( ) ( )
,=

∂
∂

=λ λ const;  

∂
∂

= - -( ) ∂
∂

( ) ( )
( )G u

u
y y

y
u

D

D
dm
N

m
N m

N

D

( )
,

where λ is the parameter employed to assign the rate of a 
gradient search. 

The differential law of the compensation for uncertain-
ties takes the following form:

du t
dt

k y yD
dm
N

m
N( )

;= -( )( ) ( )σ  σ = ∂
∂







( )

sign
y
u

m
N

D

;  k > 0,  (7)

where k is the coefficient that defines the speed of perfor-
mance of the circuit to compensate for uncertainties; σ is the 
parameter that implements the rule of signs, which ensures 
stability of the circuit to compensate for uncertainties [14].

Performance speed of circuit (7) must be much higher 
than the performance speed of reference model (6). However, 
a significant increase in the coefficient k can cause the loss of 
stability in the process of solving numerically the differential 
equations of the circuit to compensate for uncertainties. 
Thus, parameter k is chosen so that the performance speed of 
circuit (7) is much slower than the time quantization period 
in the computer implementation of ACS controller. Next, 
we set the performance speed for the reference model of a 
compensation circuit (6). And the last step is to assign the 
performance speed of a reference model of ACS (1); it should 
be much lower than the performance speed for the reference 
model of a compensation circuit (6).

The differential law of compensation (7) allows a de-
crease in order. If it is integrated over time under zero initial 
conditions, then we obtain

u k y y k

y y dt y ydt y

D dm
N

m
N

dm
N

m m
i

= -( ) >

=

-( ) -( )

-( ) ′( ) ′∫ ∫
σ 1 1

1

0; ;

, , ,Φ jj

i N j J

( )( )
′ = - ′ = -










;

, , , , ; , , , , .0 1 2 2 0 1 2 1 

  (8)
 

The reference model (6) was also integrated and intro-
duced to the structure of the law (8). 

The law of compensation (8) allows for ACS to work 
under conditions of uncertainty and, at the proper choice of 
reference models, provides for a high dynamic accuracy of 
control of a nonlinear object of the N-th order. Its application 
makes it possible to improve ACSs that were synthesized by 
the method of inverse dynamics. Thus, the classic method 
of inverse dynamics has been further elaborated in order 
to synthesize ACSs that operate under conditions of uncer-
tainty.

4. 4. Synthesis of ACS of a tethered remotely operat-
ed underwater vehicle under conditions of uncertainty

4. 4. 1. Mathematical model of ROV
The studied control object represents ROV of the proj-

ect “Freight self-propelled underwater carrier” [15]. Its 
one-dimensional vertical motion is described by differential 
equations of a propulsion device and of translational motion 
of the hull of ROV, which build system [13]:

J M u k M y

M c k u c

m y nF y

em p

em u

p

 

 

ω ω ω ω

ω

λ ω

ω= - - ( )
= -( )

+ =

( , ) , ;

;

( ) ,
1 2

(( ) - ( ) - ( )
= ( )













F y F x y z

F y S k y

h u

h y h



 

, , ;

, ,sign 0 5 2ρ

  (9)

where J is the moment of inertia for the elements of a 
propulsion device reduced to propeller; ω is the rotation 
speed of the propeller; Mem is the electromagnetic torque 
of electric motor reduced to the propeller; u is the control 
signal; kω is the coefficient of resistance to the rotation of 
the electric motor’s rotor in a liquid dielectric; Mp is the 
hydrodynamic braking torque of the propeller; y is the 
coordinate of ROV (controlled magnitude); ku is the gain 
coefficient for the driver of a propulsion device; c1, c2 are 
the electromechanical parameters of electric motor; m is 
the mass of ROV; λ is the attached mass of water; n is the 

Fig.	1.	Structure	of	ACS	with	uncertainties	compensation
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number of vertical propulsion devices, at one-dimensional 
motion, we assume that each propulsion device receives the 
same controlling influence u; Fp is the propeller’s resistance 
(controlling force); Fh is the hydrodynamic resistance force 
of ROV’s hull; Fu is the disturbing force of TC; ρ is water 
density; Sy is the characteristic area of ROV; sign(∙) is the 
function of taking a sign. Points above variables indicate 
time derivatives.

Disturbing influence Fu is modeled using a mathe-
matical model of TC dynamics [4]. Coefficients ku, kω are 
derived from the mathematical model of a direct current 
electric motor [16]. Dependences M yp ω, ( )  and F yp ω, ( )  
represent a mathematical model of the propeller and are 
essentially non-linear. They include a variable ω2 and the 
coefficients that are dependent nonlinearly on ω and ẏ and 
are determined from the curves of propeller action [3]. 

Parameters for the ROV mathematical model are sum-
marized in Table 1.

Table	1

Parameters	for	a	mathematical	model		
of	the	vertical	motion	of	ROV

Parameter Value

ROV hull

Dimensions of ROV’s hull (three-axial ellipsoid):

– length l 2.7 m

– width w 1.3 m

– height h 0.6 m

Characteristic area of hull Sy 2.76 m2

Coefficient of hydrodynamic resistance kh 1.45

ROV mass m 1,129 kg

Attached mass of water at vertical motion λ 1,891 kg

Buoyancy of ROV Null

Propulsion device

Moment of inertia of propulsion device J 0.086 kg∙m2

Gain coefficient of controlling influence ku 310 V

Range of permissible controlling influences of 
propulsion device u

[–1, 1]

Coefficient of resistance to the rotation of electric 
motor’s rotor in a liquid dielectric kω

0.017 N∙m∙s

Coefficient c1 0.217 N∙m/V

Coefficient c2 1.891 V∙s

Number of vertical propulsion devices n 4 

Range of thrusts of propulsion device  
(in mooring mode)

[–126, 205] N

Tether-cable

Length of tether-cable 100 m

Diameter of cross-section of tether-cable 20 mm

Coefficient of normal component  
of TC hydrodynamic resistance

1

Coefficient of tangential component  
of TC hydrodynamic resistance

0.1

Position of ROV in the horizontal plane:

– coordinate x 0 m

– coordinate y 0 m

Horizontal motion speed of TC in water flow 1.5 m/s

Disturbing influence of TC Fu to 220 N

The parameters for the electric motor and propeller are 
chosen according to a mathematical model of the propulsion 
device with a capacity of 500 W [16]. A large value for the at-

tached mass of water is due to the flat shape of ROV’s hull [3].  
The mathematical model of the propulsion device in the gen-
eral case is of second order. However, electrical processes in 
the propulsion device proceed much faster than mechanical 
processes. Therefore, it is possible to use a model of the first 
order, which predetermines the form of a differential equa-
tion of the propulsion device [17].

4. 4. 2. Synthesis of the system of automatic control of 
ROV under conditions of uncertainty

In order to synthesize ACS by the method of inverse 
dynamics, it is necessary to have an inverse model of the 
control object. We shall assume that based on the results of 
identification we have obtained the following model of the 
control object’s dynamics:

K y K u y K ym u y
  = - ( )sign 2;  Km = 3020 kg;  

Ku = 700 N;  Ky = ⋅ -2049 2Η ( ,m/s)  (10)

where Km,u,y are the coefficients of the model. 
The model presented is the object of the second order. 

Its structure and parameters are deliberately chosen such 
that they are significantly different from the structure and 
parameters of the control object (9). First, they differ by one 
order, which introduces structural uncertainty. Second, that 
part of the model that is responsible for forming the con-
trolling force has been greatly simplified, and the chosen co-
efficient Ku is a generalized estimate of the thrust of vertical 
propulsion devices. This introduces the structural and para-
metrical uncertainties. It is worth noting that parameters 
Km and Ky match the object (9) and were computed based 
on data from Table 1. Third, model (10) does not account 
for the disturbing influences exerted by the tether-cable Fu. 
That creates conditions for the uncertainty of disturbing 
influences.

We shall choose a reference model of ACS in the form of 
a linear differential equation of second order with a unity 
gain factor and a unity dampening factor. Take the senior 
derivative from it:

   y y
T

y y
T

y yd g
r

g
r

g= + -( ) + -( )2 1
2 ,    (11)

where Tr is the time constant of ACS reference model. 
Based on (4), we write down the equation of controlling 

function that compensates for uncertainties:

u
K

K y y K y u
u

m d y D= + ( )( ) -
1 2

  sign .  (12)

To compute uD, we choose a reference model for the com-
pensation circuit in the form of a second-order differential 
equation with a unity gain factor and a unity factor of damp-
ening. We shall take the senior derivative from the reference 
model ‒ the desired acceleration ydm ‒ and integrate it:

 y y
T

y y
T

y y tdm
rm

m
rm

m= + -( ) + -( )∫
2 1

2 d ,  (13)

where Trm is the time constant of the reference model for the 
compensation circuit. 

Based on (8) and (10), we write down the law of uncer-
tainties compensation:
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where c is the parameter based on which one selects k ac-
cording to recommendations [14]. 

The law of control of a nonlinear second-order object 
under conditions of uncertainty consists of:

– reference model of ACS (11); 
– controlling function (inverse model of the object) (12); 
– the reference model of the compensation circuit (13); 
– the law of uncertainties compensation (14).
The time constant Trm is derived based on the following. 

Because the object of control (9) is of third order, Trm should 
be several times larger than the time constant of propulsion 
device Tp. Otherwise, the process that compensates for uncer-
tainties would be unstable. The estimation of the dynamics of 
transient processes in a propulsion device has made it possible 
to establish that Tp≈0.25 s. Given this, we choose Trm=0.75 s. 
Time constant Tp is selected to be several times greater than 
Trm: Tp=4.5 s. Assuming c=10 s–1, we obtain k=69 m–1. A set of 
the derived parameters forms the settings for ACS controller.

Control law (14) contains an integrator. Its work shall 
be organized according to the principle “integration under 
condition”. If u exceeds the permissible limits, the integra-
tor will retain the last value that it received at its output 
prior to entering the zone of saturation. That will make it 
possible to adjust the operation of ACS in the presence of 
nonlinearity of the type of constraint [18].

5. Results of studying the ACS with high dynamic 
accuracy under conditions of uncertainty

By using computer simulation, we examined the dy-
namics of ACS transients. 

The operation of ACS under conditions of uncertainty 
at a stepwise change in the control task is illustrated in 
Fig. 2, a.

The output of model ym is not given because it almost 
completely coincides with the output of object y. This means 
that the circuit that compensates for uncertainties fulfills 
the set task and ensures that the dynamics of model (10) 
approaches the dynamics of control object (9). Upon exiting 
the saturation mode (Fig. 2, b) and eliminating the error, the 
controlled magnitude y matches task yg (Fig. 2, a).

The operating zone of ROV is limited by the length of 
TC: y Î[ , ]0 100 m.  Thus, hereafter a relative value for the 
error is given relative to this range. The duration of a tran-
sition process after controlling influence u exits the zone 
of saturation and until the error of control is within a 1 % 
corridor, does not exceed 4 s. There is no overregulation. 

The operation of ACS under conditions of uncertainty 
when a control task is changed in line with a harmonious 
law is shown in Fig. 3, a.

In a given case, the output of model ym is also not given 
because it almost completely coincides with the output of 
object y. 

The duration of a transition process after controlling 
influence u exits the zone of saturation and until the error of 
control is within a 1 % corridor, does not exceed 5 s. Follow-
ing this, y(t) is asymptotically approaching yg(t) with the er-

ror not exceeding 0.01 %. That testifies to the high dynamic 
accuracy of the synthesized ACS at a dynamic change in 
yg(t) under conditions of uncertainty.

6. Discussion of results of synthesizing the system of 
automatic control of a non-linear object  

of high dynamic accuracy

The synthesized ACS makes it possible to control 
essentially non-linear objects under conditions of uncer-

Fig.	2.	Dynamics	of	ACS	at	a	stepwise	change	in	the	control	
task:	a	–	the	set	and	actual	values	for	controlled	parameter;	

b – signals	of	control	and	compensation	for	uncertainty

a

b

Fig.	3.	Dynamics	of	ACS	under	a	harmonious	change	in	the	
control	task:	a	–	the	set	and	actual	values	for	a	controlled	

parameter;	b – signals	of	control	and	compensation	for	
uncertainty

a

b
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tainty. In this case, the character of a signal to compen-
sate for uncertainty allows the estimation of adequacy of 
the inverse model of a control object: the more precisely 
the model of a control object is identified, the smaller 
the value for a signal of compensation uD. However, this 
statement holds in the absence of the uncertain external 
disturbances. 

The synthesized control law implies the measurement 
or computation of derivatives from the control object. 
In some cases, this is a disadvantage, however, it is not 
critical for ROVs since they are equipped with sensors of 
coordinates and speed.

This work has shown that the improved method of 
inverse dynamics ensures a high dynamic accuracy of con-
trol, including under conditions of structural uncertainty 
when the order of the object is higher than the order of 
control law. However, this is possible only under condition 
for selecting the time constants for the reference models 
of control law that are several times larger than the time 
constants for the higher orders of control object. That im-
poses some limitations on the performance speed of ACS.

It is possible to improve the performance speed of ACS 
by synthesizing a control law using the method of inverse 
dynamics with the compensation for uncertainties of the 
respective N-th order. However, in this case, it is neces-
sary to measure, among others, a derivative from the con-
trolled magnitude of order (N–1). In terms of control of 
ROV, that means that one needs to measure (or compute) 
its acceleration. Since such a possibility is technically 
feasible, then the improved method of inverse dynamics 
appears promising in order to synthesize high-precision 
ACSs of marine moving objects.

Simulation results have demonstrated high dynamic 
accuracy of ACS at a stepwise and sinusoidal change in 
the controlling influence under conditions of structural 
and parametrical uncertainties in a control object model 
and under the influence of uncertain disturbances from 
a tether-cable. The resulting ACS is planned to be im-
plemented into the control system of ROV of the project 

“Freight self-moving underwater carrier”. Advancing the 
obtained results implies the synthesis of a multi-dimen-
sional ACS to control the spatial motion of ROV under 
conditions of uncertainty.

7. Conclusions

1. We have improved the method of inverse dynamics 
by introducing to the composition of the inverse con-
trol law a signal of compensation in order to synthesize 
high-precision nonlinear systems of automatic control 
under conditions of uncertainty.

2. We have synthesized the law of uncertainty com-
pensation based on the application of an imprecise model 
of control object and the method of minimizing local func-
tionals. Its application makes it possible to maintain high 
dynamic accuracy of the inverse control law at operation 
under conditions of uncertainty.

3. We have synthesized the system of automatic con-
trol of vertical motion of the remotely operated underwa-
ter vehicle of the project “Freight self-moving underwater 
carrier”, based on the improved method of inverse dynam-
ics. It ensures that the controlled parameter asymptotical-
ly approaches the task of control, including at a dynamic 
change in the latter under conditions of structural and 
parametrical uncertainties in a control object’s model and 
under the influence of the uncertain disturbances from 
the tether-cable.

4. By using computer simulation, we examined the 
work of the synthesized system of automatic control of 
one-dimensional motion of the remotely operated under-
water vehicle. The simulation results have demonstrated 
that the duration of transition processes beyond the zone 
of saturation did not exceed 5 s. At a dynamic change in 
the control task, a deviation of the controlled parameter 
did not exceed 0.01 %. That testifies to the high dynamic 
accuracy of the synthesized ACS under conditions of un-
certainty.
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