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Abstract: The paper describes the design of a fuzzy motion control system of an autonomous underwater vehicle. A mathematical model of the underwater vehicle is synthesized. A fuzzy regulator
for controlling the depth of immersion autonomous underwater vehicle is designed. The quality
of control for step control, harmonic control, as well as various types of exogenous disturbances, is
investigated. The comparison of the functioning quality of the designed fuzzy controller with the
proportional–derivative controller is made. It is shown that the designed fuzzy controller provides a
higher quality of control compared to the proportional–derivative controller. The proposed fuzzy
controller provides high-quality control of the plant under uncertainties.
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1. Introduction
Underwater robotics objects operate in difficult conditions of underwater navigation.
Modern automatic movement control systems of autonomous underwater vehicles (AUV)
should provide increased accuracy of AUV’s controlled movement along a given path,
achieving maximum speed, optimal control in complex hydrometeorological conditions,
under the influence of various kinds of disturbances.
In addition, the peculiarity of working underwater is the presence of external and
internal (parametric) disturbances. These disturbances have a significant impact on the
operation of robotic objects underwater and on the robot’s performance of its tasks. Therefore, the development and application of new approaches to the synthesis of automatic
control systems for underwater objects are required. These perturbations are difficult, and
in most cases impossible to measure, so the AUV motion control process takes place under
conditions of uncertainty [1–6].
The control of underactuated underwater vehicles is an important and urgent task,
which can be seen from numerous reviews and articles devoted to this problem. For
instance [7–10]. A review of the scientific and technical literature on control systems shows
that the main direction of further development of the theory of synthesis of automatic
control systems for autonomous underwater robots in the conditions of uncertainty of their
parameters and environmental characteristics is the use of artificial intelligence elements—
fuzzy regulators [3,7,10].
A feature of our work is the consideration of the problem of control of a partially
controlled submerged body. In fact, the depth rate of it can only be adjusted by changing
its buoyancy and the angle of attack of its wings, which greatly complicates the problem.
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Moreover, the body under study functions under conditions of parametric uncertainties,
which, as will be shown below, requires the use of an adaptive controller.
2. Description of the Problem
When solving the problems of navigation, orientation, and motion control of underwater robots and vehicles, various coordinate systems are used [6]. This is due to the difference
in tasks, as well as the fact that the structure and form of the equations substantially depend
on the choice of coordinate system.
The choice of coordinate systems is predetermined by the method known in mechanics
of dividing the complex motion of a body into translational with some point taken as a
pole, rotational (spherical) relative to this pole.
AUV motion analysis will be carried out in a coordinate system stationary relative to
the Earth whose origin at the initial moment of time coincides with the center of mass of
the robot. The coordinate system x-y, rigidly connected with the robot, is chosen as follows.
The origin is placed in the center of mass, the y axis is located in the diametrical plane and
directed towards the nose of the robot so that, in its natural position, the axis coincides
with the horizon (the y axis is the longitudinal axis of the robot). The x axis should coincide
with the line of intersection of the main planes of the robot and have a direction up from
the center of displacement.
Next, we consider the movement of an underwater vehicle in an unlimited reservoir
of finite depth, filled with an ideal incompressible non-heat-conducting stratified fluid
with a viscosity effect. Viscosity is taken into account in the sense of the presence of the
Stokes drag force. It is assumed that each layer has its own density, which is considered to
be known in advance.
AUV performs plane-parallel movement. At the initial time, the apparatus rests at a
given depth. Each given layer of the medium in which the apparatus moves has a constant
density. Layer densities may vary. Layers can exhibit rectilinear uniform motion along the
x axis. At this stage, we assume that the velocities and directions of motion of the layers
are given (see Figure 1).

Figure 1. Structure of a stratified continuous medium.

The solution can be obtained as the sum of the solutions at intervals corresponding to
the layers of the medium. That is, first of all, the problem for one layer should be solved.
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3. Mathematical Model
The underwater vehicle under consideration is a spherical body. The body has two
wings of finite wingspan. The trajectory of the object is the trajectory of the center of the
ball.
As an example, we consider the case for a medium including two layers with different
parameters as shown in Figure 2. The upper layer of water has a thickness of H2 . In this
layer, a sea current is observed with a speed of w2 . The density of water in this layer is
taken equal to ρ2 .

Figure 2. Trajectory of AUV.

In the second layer (Figure 2), a sea current is observed at a speed of w1 . The density of
water in this layer is taken to be equal to ρ1 . The initial submersion depth of the underwater
vehicle is H1 .
The following forces act on the underwater vehicle (see Figure 3): Farch —buoyant or
Archimedean force; Fg —gravity; the total drag force [4]
( j)

( j)

Fdrag = CX S( j)

ρv2
2

(1)

where, Cx —drag coefficient for a body of a given shape, ρ—fluid density, S—characteristic
area of the streamlined body, v—body speed, j = 1 for ball and j = 2 for planes (wings);
lifting force
kα
Fli f t = ρv2 S
,
(2)
1 + µ0
force of inductive resistance
ρ
µ0
Fi = v2 S
2
2k



2kα
1 + µ0

2
,

(3)

where, S is the wing surface area, α = α0 − δ is the angle of attack and α0 is initial angle of
attack, k—wing aspect ratio and µ0 —viscosity.

Designs 2021, 5, 24

4 of 11

Figure 3. Illustration of the hydrodynamic forces acting on the ball-wing system.

The equations of motion of an autonomous underwater vehicle in projections on the x
and y axis can be represented as follows:



 2
(1)
(2)

 m + 23 ρπR3 ddt2x = Farch − 2Fi cos δ − Fdrag + 2Fdrag cos δ − 2Fli f t sin δ − Fg ,
(4)


 2

 m + 2 ρπR3 d 2y = −2Fi sin δ − F (1) + 2F (2) sin δ − 2Fli f t cos δ,
3
drag
drag
dt
where m is the mass of the object.
Let us make an assumption about a small angle of attack. This assumption ensures
the smallness of δ, therefore, we have sin δ ≈ δ, cos δ ≈ 1.
After replacing the variables:
x = z1 ,
y = z3 ,

.

.

x = z1 = z2 ,
.
.
y = z3 = z4 .

(5)

We get a system of differential equations of the first order [4]:
 .
z1 = z2 ,


q
q


 z. 2 · b0 = b1 − (b2 · α2 + b3 + 2b4 ) · z2 · z2 + z2 − 2b5 · α · z4 · z2 + z2 ,
2
2
4
4
.
z
=
z
,

3
4

q
q


 z. = −(b · α2 + b + 2b ) · z · z2 + z2 + 2b · α · z · z2 + z2 ,
4

2

3

4

4

2

4

where b0 = m + 23 ρπR3 , b1 = ρgV − mg, b2 = ρSkp

5

2kµ0
, b3
(1+µ0 )2

2

2

(6)

4

2

ρSw
= c0_spsh ρπR
2 , b4 = c0_w 2 ,

b5 = ρSkp 1+kµ , V is the volume of the body, Skp is the square of the wings’ surface, c0_spsh
0
is the coefficient of the body’s form, Sw is the square of the body’s surface and c0_w is the
coefficient of added mass of the water.
The movement of the apparatus to follow a given trajectory is controlled by changing
the angle of attack α.
A numerical solution for Model (6) can be obtained using the fourth-order Runge–
Kutta method, for example.
4. Synthesis of a Fuzzy Controller to Stabilize the Depth of an Underwater Robot
Based on a comparison of methods for constructing a fuzzy controller [2] we formulate
a method for the synthesis of the AUV depth stabilization controller.
Linguistic variables are qualitatively characterized by term sets, chosen as follows:
negative large (NL), negative small (NS) zero (Z), positive small (PS), positive large (PL),
which are described on the universal set, membership functions depth and linear vertical
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velocity. To describe the input variable V, we divide the range of its values into three
subsets: negative (N), zero (Z), positive (P).
The output linguistic variable T is the traction force in the vertical direction. It has
the following terms: negative strong (NL), negative average (N), negative small (NS), zero
(Z), positive small (PS), positive average (P), positive strong (PL). Membership function
options are shown in Figure 4.

Figure 4. Functions of the terms of a fuzzy controller.

After determining the number of terms of each linguistic variable and the distribution
of membership functions, fuzzy rules are formed. These rules are created based on the
experience of an expert who expresses, in a formal language, possible combinations of
control variables [11]. For fuzzy inference, a fuzzy model of the Sugeno type is used, where
each rule is of the following type: IF “h is x” AND “V is y”, THEN “T is z”. Here x, y are
the subsets of input variables, z is the subset of the output variable.
Using the Fuzzy Logic Toolbox application package in the MATLAB interactive system,
a fuzzy inference surface is obtained that displays the operation of the controller (Figure 5).

Figure 5. The surface of the fuzzy controller.

A simulation of an underwater robot in a MATLAB environment was created using
typical blocks of the Simulink package (Figure 6). Although during the simulation all the
necessary data on the system parameters can be obtained directly from the developed
model, the proposed control system is focused on practical application in a real device too.
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In this regard, an observer was introduced into the scheme (Figure 6), which estimates the
rate of depth change and the value of the depth itself. This will make it possible to further
investigate for the model the features of the system introduced by the observer, its error,
etc., and finally its contribution to the parametric uncertainty systems.

Figure 6. Simulation of an underwater robot using typical blocks of the Simulink package and proposed mathematical
model.

5. Simulation Results
The fuzzy control system was simulated using the MATLAB package. Figure 7 shows
a test model that includes the plant and the actual fuzzy controller, as well as an observer.
Figures 8 and 9 show graphs of the dependence of depth on time when controlling the
proportional–derivative (PD) controller and when controlling a fuzzy controller.

Figure 7. Graph of the given and the current depth of the AUV versus time without noise or external disturbances.

As can be seen from Figure 7, a fuzzy regulator improves the accuracy and speed of
reaching a given depth. At the same time, as also can be seen from Figure 7, overshoot is
reduced. Since the type of underwater object under study is underactuated or partially
controlled, the most important benefit that can be seen in this graph is an almost sixfold
reduction in the time at which depth control takes place. It is not even the entrance to the
five percent zone that is important here, but the end of the depth control during which the
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limited energy of the apparatus is expended. The fuzzy controller finishes adjusting after
12 s from the start of the depth change process, while the PD controller continues adjusting
depth for more than 60 s.

Figure 8. Graph of the given and the current depth of the AUV versus time with harmonic exogenous
disturbance.

Since the subject of the study is a system with parametric uncertainties, the question
of how external destabilizing disturbances or exogenous factors influence the quality
of the proposed regulator’s performance becomes equally important. Figure 8 shows
a very important result. A comparison of the operation of a PD controller and a fuzzy
controller under conditions of a harmonic external disturbance is presented. As it can be
seen (Figure 8), if in the previous case (Figure 7), the time of regulation with a PD controller
could be reduced by introducing a threshold limiter, then this approach does not work here
(Figure 8) anymore. Indeed, the PD regulator leads to significant fluctuations in depth in
the presence of external disturbances in the system, while the fuzzy regulator ensures the
maintenance of a given depth. This is due to the adaptive features of the fuzzy controller
used.
The use of fuzzy logic methods for the synthesis of control laws of modern automatic
control systems, consisting of a set of various underwater robots, can increase the reliability
of the operation of underwater hydraulic structures in difficult or extreme conditions due
to periodic monitoring of their condition.
6. The Study of the Efficiency of the Fuzzy Control System with a Stepwise Change in
the Depth of Immersion AUV
The simulation showed the effective use of a fuzzy controller (FC) of the proposed
structure for stabilization at depth. We will now establish the possibilities for the effective
operation of the FC for operating cases when the new value of the given depth is such that
the AUV does not have time to develop the maximum vertical speed.
It is obvious that
h = h a + hs + hb ,
(7)
where, h a , hs , hb —the path of acceleration, steady motion, and braking of AUV, respectively.
Then the minimum value of the change in the depth hmin of AUV, at which the
considered FC’s work efficiently, is defined as the sum
hmin = h a + hb .

(8)
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For a specific AUV with known values of mass, hydrodynamic drag coefficient, and
characteristics of a moving device, the value hmin = const.
For h < hmin , applying the FC with the dependencies synthesized above for the
coefficients k1 and k2 is ineffective. For example, let the new value of the given depth
h = 1 m. Figure 8 shows the operation of the FC, the coefficients k1 and k2 of which
correspond to a depth of 10 m, and in Figure 9 the operation of the FC with the coefficients
k1 = 1.01 and k2 = 12, specially tuned to change the depth by 1 m, is shown.
7. Study of the Efficiency of Fuzzy Control Systems with a Harmonic Control Law
With a harmonic given signal, fuzzy controllers tuned to a step input signal were
ineffective. The results of modeling the operation of a control system based on an FC with
three symmetric triangles are shown in Figure 9. In this case, the error ε was 34.3 m·s, and
the maximum absolute error in depth was 0.5 m.

Figure 9. Control of the vertical movement of the AUV with a harmonic input signal: href is a graph
of the depth; hfuzz —control signal.

The analysis showed that in order to improve the operation of the control system, it is
necessary to increase the weight of the error in speed h0 e , which is achieved by increasing
the scale factor k2 . The results of determining the coefficient k1 for various values of the
coefficient k2 under the condition of minimizing the error ε 1 are given in Table 1, where
ε 1 , ε 2 are the total error for a stepwise and sinusoidal input signal, respectively; n1 is the
number of oscillations of the control action with a stepwise input signal, n2 is the number
of oscillations of the control effect when crossing through zero with a sinusoidal input
signal (see Figure 10), and he max the maximum absolute value of the error when moving
along a sinusoid.
Table 1. Dependence of scale factors on harmonic input signal.
Indicator

Arguments

k1

0.64

0.61

0.61

0.62

0.61

0.62

k2

10

20

30

40

50

60

n1

3

4

5

6

6

7

ε 1 , m·s

130.0

129.7

129.7

129.6

129.7

129.7

n2

1

1

2

2

2

2

he max , m

1.00

0.60

0.42

0.33

0.27

0.23

ε 2 , m·s

56.0

29.1

19.6

14.92

12.10

10.22

As shown by computational experiments, with an increase in the coefficient k2 , the
error ε 2 decreases, which allows one to achieve high-quality control with a sinusoidal input
signal. Figure 10 shows the simulation results for k2 = 100. It was also established that in
this case for the step input signal, the error ε 1 almost does not change, but the overshoot
increases significantly, and the control signal becomes unacceptable for a real system since
it has a large number of oscillations (see Table 1).
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Figure 10. Control of the vertical movement of the MPR with a regulator tuned to a harmonic input
signal: href is a graph of the depth; hfuzz —control signal.

Thus, along with the fundamental possibility of achieving high-quality control of the
FC with a harmonic input signal, the incompatibility of the coefficients k1 and k2 of FC
was also found in the automatic control of vertical movement for stepwise and harmonic
input signals. This means that each of the above modes requires a separate synthesis of FC
coefficients, which limits the application of such a regulator in practice [11–13].
Studies of the other FC options discussed above showed even lower accuracy with a
harmonic input signal and the need for appropriate adjustment of the coefficients.
8. Comparative Analysis of the Performance of a Fuzzy Control System and a System
with PD Controller
To compare the results with traditional control systems, a proportional–derivative
controller was synthesized, in which the control signal is calculated by the formula:
u = k1 he + k2 h0 e .

(9)

Since the model of the control object contains quadratic dependencies, it is impossible
to perform the Laplace transform and obtain the transfer function of the control object. In
this regard, the coefficients k1 and k2 were determined experimentally. The experimental
results are shown in Table 2, and the best characteristics that were obtained with coefficients
k1 = 60, k2 = 420 are shown in Figure 11.
Table 2. The values of the coefficients of the PD controller.
Indicator

Arguments

k1 , V/m

200

150

100

90

80

70

60

k2 , V/m

2000

1500

1000

900

700

500

420

ε 1 , m·s

153.8

153.9

154.0

154.0

148.1

141.6

141.2

k1 , V/m

40

35

30

25

20

15

10

k2 , V/m

280

250

210

180

150

120

80

ε 1 , m·s

141.3

141.9

141.4

142.3

143.7

146.3

147.4

Figure 11. The transition process of stepwise changes in the depth of the AUV with PD-regulator: a
graph of changes in depth.
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As the simulation showed, the PD controller shows slightly worse results compared to
the best results obtained when controlling a fuzzy controller. Thus, the total error ε is almost
9% larger, and the transition process time is 43% larger. For the harmonic input signal,
the following quantitative characteristics of control quality were obtained: ε = 6.5 m·s,
maximum error he max = 0.1 m, which almost does not differ from the adjusted fuzzy
controller.
9. Conclusions
When creating marine robotic systems, many different methods and devices for the
interaction of vehicles with various types of carriers, both submarine and surface class,
are being developed. These areas of research are important for both the civil and military
industries.
Fuzzy logic serves mainly to process incomplete information, model human knowledge, and make informed decisions. It is also commonly used for real-time monitoring of
technological processes, as well as solving problems associated with the practical implementation of technological process control systems. The use of fuzzy logic in control systems
can significantly reduce operator intervention in the control process, which will enable the
development of new control methods more adapted to the industrial environment.
Thus, the main advantage of fuzzy control is modern PLC programming systems.
Such systems have built-in fuzzy control libraries and an easy-to-learn graphical interface
which facilitates the adjustment of the automatic control system.
Calculation of the intensive processes for the ship industry is complex, which makes it
difficult to automate them. Therefore, it seems relevant to analyze the methods of ensuring
the required quality of regulation of the drying process.
The analysis of the quality of regulation, which was carried out with disturbances
going through the channels of assignment, regulation, and parametric disturbance, is
comparative and allows us to highlight the main advantages. The quality of regulation was
determined by the following characteristics: dynamic error, degree of damping, regulation
time.
Systems using fuzzy algorithms are nonlinear and the type of transient processes in
such automatic control systems completely depends on the shape and size of the disturbing
effect.
For small, limited in magnitude and rate of change values of the error signal, the fuzzy
and classical PI algorithms are dynamically equivalent.
When the signal exceeds the mismatch or the limits of the normalized range, the
saturation effect appears, that is, the fuzzy algorithm becomes significantly nonlinear.
A system with a fuzzy controller is much faster than a system with a PI controller. The
dynamic error of a system with a fuzzy controller differs only slightly from the dynamic
error of a system with a PI controller.
Thus, we can conclude that fuzzy control surely surpasses classical PI control in a
number of characteristics.
Fuzzy controllers can be used independently to regulate process parameters, as well
as in traditional PI and PID controllers for a significant increase in their characteristics.
This study provided the design of a fuzzy motion control system of an autonomous
underwater vehicle. A comparison of the functioning quality of the designed fuzzy controller with the PD controller is made for step control and harmonic control, and various
types of exogenous disturbances are investigated. It is shown that the designed fuzzy
controller provides a higher quality of control compared to the PD controller.
The proposed fuzzy controller provides high-quality control of the plant under uncertainties and exogenous disturbances.
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