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In the method used in this article, the control objectives are achieved by using the adaptive
controller and based on the first-order sliding mode method, assuming that the disturbance
and its derivative are bounded with an indeterminate boundary, in a way that is resistant to
uncertainty and disturbance caused by ocean waves. be This method is based on the law of
two-layer adaptation, which works without the need of knowledge of the boundary values
of disturbance and its derivative. The stability of the proposed robust-adaptive control
law is proved using Lyapunov theory and the performance of the designed controller is
verified using simulation results. The performance of the proposed controller is evaluated
in terms of error and control effort by comparing the simulation results of the proposed
control and conventional sliding mode control. According to the results of comparison and
investigation in different disturbance scenarios, the tracking error in the proposed control
is much less than the tracking error of the conventional sliding mode control, and also, the
range of control effort in the conventional sliding mode control is greater and is associated
with chattering, if it is in the case of the robust control. - Charting’s proposed adaptation
is not observed.
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Introduction

The tracking control of the AUV trajectory with three degrees of
freedom in the horizontal plane is investigated. Due to the presence
of turbulence in the sea and ocean environment as well as uncertainty
in AUV parameters, robust control is used to control AUV.!
Conventional sliding mode control as a robust and nonlinear control
method is one of the widely used methods for AUVs. But, it leads to
the phenomenon of chattering, which is an undesirable phenomenon
for the driver circuit and AUV motors.> The cause of chattering is
the range of the switching part of the control signal in the sliding
mode control, which is selected according to the disturbance range.
The higher the switching control gain, the lower the tracking error
and chattering occurs instead. Therefore, a compromise must be made
between chattering and tracking error. The combination of adaptive
control methods and sliding mode control is effective in reducing
chattering while increasing consistency against disturbance. In this
way, the disturbance is estimated using adaptive control.® Using the
estimation information, the control effort is calculated and applied to
the control system. Therefore, chattering is reduced and consistency
against turbulence is also enhanced.*

By using optimal control, it is possible to reduce the range of
control effort and improve energy, which is an important issue in
controlling AUVs. It is also possible to improve the sliding mode
control performance by optimizing the sliding surface.’

In,® an attempt was made to improve energy damping by combining
sliding mode control and optimization. In this way, by using LQR, a
sub-optimal control is produced in the neighborhood of the output of
the sliding mode control, and it leads to the reduction of the range
of control effort and error, in other words, the minimum point is
obtained. In,”® the sliding control surface of the sliding model was
calculated using optimization and with quadratic target warping and
used for AUV depth control. In,’ using the PSO optimization method,
the sliding surface coefficients were optimized and used to control the
depth of AUV.

In,' using the genetic algorithm, the sliding mode controller
coefficients were adjusted to control the depth of AUV.

Due to the weakness of sliding mode control in some cases
of chattering phenomenon, it is recommended to use it in
combination with other controllers. In some articles, the coefficient
of the switching section is estimated using adaptive control, and
in some articles, the disturbance is estimated. This greatly helps to
reduce chattering phenomenon. In,"' using adaptive control, the
parameters in the sliding mode control were estimated and AUV

depth control was performed. In,'? using sliding mode control and
adaptive control, a control consisting of two loops was designed for
AUV. In this way, the time was controlled in the outer ring and a virtual
speed was created for the inner ring to control the speeds to reach
the desired time. In this article, using single-layer adaptive control,
the switching part of sliding mode control was estimated to reduce
chattering and to estimate uncertain parameters and disturbances.
In," a controller was designed using high order and counter-adaptive
sliding mode control to control AUV in the horizontal plane and the
disturbances were estimated using the adaptive law. According to
the comparison results of this controller and high order sliding mode
control, the proposed controller has no chattering while the high
order sliding mode control has chattering. In,'* the orientation of the
AUV is controlled using adaptive-sliding mode control. In which
adaptive control is used to estimate the uncertainties of the system
and disturbance, and the emphasis is on reducing chattering by using
the disturbance estimator.

System modeling

To describe the location and orientation of the AUV in the three-
dimensional space to six variables including; Y, X and Z and their
derivatives are needed to describe position and linear velocity along
the lines of illustrations Y, X and Z and three other variables 8, ¢
and y and their derivatives are needed to describe orientation and
angular velocity. As shown in Figure 1, AUV movement elements are
defined as pitch, roll, heave, sway, surge and yaw, respectively. Figure
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1 notation used in this thesis in Table 1 is shown. In order to determine
the equations of motion of the AUV, two frames of motion and rigid
body are used.

Marg frame: It is a fixed frame which is considered as Marg and may
be matched with the frame of the object in the initial conditions. The
position and direction of AUV is expressed in this framework and
it is denoted by {E } . Body frame: This frame is shown as {B} and
is a rigid frame that is fixed on the AUV. AUV’s linear and angular
velocities are described in this framework.'s The detailed orientation
of these two frameworks is shown in Figure 1.

{E}

s

(surge)

Figure | Describe the position and orientation of the AUV.
Based on Table 1, we define the following vectors
m=[¢0v]
v, = [uvw]T (N
o =[X¥Z ]T

77=[771’721 "m =[xyz]T
v=[wn]

T
r=[r7,]

where, 77 is the position and direction vector in the frame of Marg,
v is the vector of linear and angular velocities in the body frame and 7
is the forces and torques applied to the AUV in the body frame. AUV
motion equations are divided into two categories.

Table | Marking related to AUV

, Linear and angular  Force and

Euler's angles L
velocities torque

x u X Surge, x
y v Y Sway,y
z w Z Heave, z
¢ P K Roll, x
0 q M Pitch, y
Y r N Yaw, z

Kinematic equations

These equations deal with the geometric aspect of movement, that
is, time and orientation.'®

- Dynamic equations: these equations describe the forces that lead
to movement.

Each of these equations is described in the following sections.

The science of kinematics, apart from examining the forces and
torques of the moving agent, models the positional relationship
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and jump of the AUV with linear and angular velocities. The first
derivative of the time vector 71 is related to the linear velocity vector
y1 through relation (2).

771 = Jl (772)‘}1 (2)
Jndndis

Ji(my) =] Ja I dns (3)
Ja1 I3 3

Where in;

(
Jy, =cos(y)cos(¢) +sin(¢) sin(0) sin(y)

Jy3 =cos(y) sin(¢@)+sin(8) sin(y) cos(g)
Jy, =sin(6)
Jy, =sin(¢) cos(6
Jy3 =cos(¢) cos(6
)
((72)is invertible because: (J1—(n2)=JT1(2). The first

derivative of the time vector 72 is related to the linear velocity vector
v2 through equation 5.
1y =J,(1), (3)
In which, ((772) is described as (6):

1 sin(¢)tan(6)

0 cos(¢) —sin(¢) (6)
0sin( @) / cos(d) cos(¢p)/cos(€)

Jo(m,) =

By combining the relation (2) and (5), the kinematic equations of
AUV are obtained as (7):

7 J1(1) O35 v .

. 1=lo <n=Jn)v

m 3x3 J2(772) V) (7
Dynamic Equations

At first, the vectors representing forces, torques, linear and angular
velocities are defined as follows:

/0b =[XYZ] force distributed in the body frame.
The moment analyzed in the frame of the body.
Linearized velocities decomposed in the frame of the object.

Angular velocities decomposed in the frame of the object
relative to the reference frame of the vector from to the center of
gravity decomposed in the frame of the object can be seen with data
display. Using the Newton-Euler formulation for a rigid body with
mass, the relationship between forces and moments is written as (8):

. - E E £ £ _
m|:vob+a)ubxrob+a) ob X Vop + @ nbx(w ob rab):|_]FDb ®)
E  E E : E _
lag, +o" , x 1o Db+mrob><(vnb+a) ngVob)—mob

where the inertia matrix [, around o, is expressed as (9):
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Ix —Ix —Ixz
I,=|-bx Iy -z ©)
Izx —Izy Iz

In relation (8), the motion equation of the rigid body gives the
following result:

M gy + Crpv(v) = 7gp (10)
where the general velocity vector described in the frame of the
body is the general vector of external forces and torques. The inertia

matrix of the rigid body system is expressed as (11):
m 0 00mz,my,
0 m 0-mz, 0mx,
00mmy,—mx, 0 (11)
Omzymy, I, -1, -1,

mzg 0 —mx, =1, I, -1,

| —my, mx, 0 —]zx—lzy 1, |

C C
Cc ()= { RBL ~RB2 } and the Coriolis matrix of the rigid body
RB C C
RB3 ~ RB4

(CRB(v, is presented as (12)):
000
00 o}

000

Crpr =

“m(y,p+w) m(zr+x,p)  —m(y,r—u)

m(yeq+z,r) —m(xq—w) —m(x,r+v)
CRHZ =
—m(z,p—v)

—m(z,q+u)  m(x,p+y.q)

—m(y,g+z,r)  m(y,p+w) m(z,p—v) (12)
Cras { m(xgq—w)  —m(z,r+x,p) m(z,q+u) }
m(x,r+v) m(y,r—u)  —m(xX,p+y,q)
0 “I.q-I.p+Ilr I.r+I p-1Igq
CR[M_{ I.q=I.p+Lr 0 I,J”’M]*’,J’}
71‘7r+1xvp71).q I.r=1,qg+1p 0

General force and torque vector zRB is the sum of hydrodynamic
force and torque vector 7H , external disturbance force and torque
vector 7E and thruster force and torque vector, 7 .

Tpp =Tn tTp+7T (13)

Hydrodynamic forces and moments are the forces and moments

that are applied to the AUV when it moves inside the water. These

forces and torques are in the form of three components:

a. Added mass: This component is created by the inertia of the fluid
surrounding the object.

b. Damping: this component causes the body’s movement to be
damped.

c. Restoring force: This component is caused by the force of
buoyancy and weight.

The hydrodynamic force and moments zH can be obtained by
using the equation (14):
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Ty =-M y—C,(v)v—D(v)v-g(n) (14)

where the added mass matrix, the Coriolis matrix, the damping
matrix and the orientation position of the vector are related to the
restoring force and torque. The added mass matrix is obtained from
the equation (15):
X, X, X, X, X, X,
A A A AN 4
Zy Zy 2y, Zy2,Z;

M, =— (15)
K, K, K, K, K, K;
MM, M; M, MM,
N, Ny N, N, N; N;
The Coriolis matrix is obtained from the equation (16):
[0 0 0 -a, a |
0 ay 0 -q
CA(v) = 0 0 0 —-a aq O
0 —-a; a, 0 -b b
a 0 —-a b 0 b
aQ aq 0 -b b 0 | (16)
That
aq=Xu+Xy+Xw+X,p+X,g+X;r
ay=Yu+Yyv+Y,w+¥,p+¥,q+Yr
ay=Zu+Zy+Z,w+Z,p+Z,q+Z.r
b=Ku+Ky+K,w+K,p+K,q+K,r
by=Mu+My+Mw+M,p+M,qg+M,
by=Nu+Ny+Nyw+N,p+N;q+Nr a7

In general, hydrodynamic damping is created due to body friction,
wave drift and waves that are emitted from the body and carry energy.
The general description of the damping matrix is complex. Although
it is customary to write the damping matrix as (18):

D(v)=D+D,(v)

(18)
(x, x, X, X, X, X,]
Loy ron o rn %
po % & 4 %, 2, 7,
K, K, K, K, K, K,
M, M, M, M, M, M,

/N, N, N, N, N, N,| (19)

The non-linear part of the damping is obtained by using the
equation (20):

X‘u‘u“u‘ 0 0 00 0 0 0 0 Kp,lpl 0 0
D= 0 XMl 00000 KX, -0 0 0 0 Myld Ny, 20)
0 0 Zyyyw 0 0 0 0 Ny p[+Nyrl 0 0 0 0

All members of the above matrix have a numerical value. However, the values of some of them are very small and therefore they are
considered zero [89]. The restoring forces and torques are obtained from the equation (20):
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Xl 0 0 00 0 0 0 0 Kp,lpl 0 0
DW= 0 X p+X 0 0 0 ¥ f+Y, rf|-]0 0 0 0 Mylal Nyl @1
0 0 Zyguwl 00 0 0 Ny [+ Nyl 00 0 0

where and are the force of weight and buoyancy, respectively, and
can be obtained from the equation (21):

W =mg
B = pmV

Where the mass of the object, the acceleration of gravity, the density
of the object, and the volume of the fluid displaced by the object are
the coordinates of the center of buoyancy and the coordinates of the
center of gravity.

(22)

AUV motion equations in six degrees of freedom, by placing (14)
in (11) and combining it with (7) are obtained as follows

My=-C()v-DW)v—gm)+7+715

1 =J@n)v @3)

Where
M =(MRB + MA) C(v) = Cra(v) + Ca(V) (24)
The Coriolis matrix for a body moving in a fluid is a quasi-
symmetric matrix S . that is:
Cv)=-CT(v),¥ved® 25)
If the body moves in an ideal fluid; the damping matrix is a real,
non-symmetric and positive matrix. that is:

D) >0,vvel 26)

Design adaptive control

As mentioned, the sliding mode control is a non-linear and robust
control, but the presence of constant gain in the switching section
leads to the undesirable chattering phenomenon. This stable profit is
considered proportional to the limit of disturbance and uncertainty.
It is customary to choose a more conservative uncertainty band in
the design of the controller to ensure the convergence of currents to
the sliding surface. However, this causes chattering to increase. For
this reason, sliding-mode adaptive controllers are used to reduce
chattering so that the gain of the controller is estimated using the
matching law and is as small as possible to avoid chattering and as
large as required. Until they converge to the sliding surface and the
algorithm is resistant to external disturbances and uncertainties of the
system.

In short, by using the resilient-adaptive method, a fixed gain is
not used to suppress disturbances and the phenomenon of chattering,
which is too large for disturbances due to the large gain, is avoided,
while, in the event of a large disturbance, control the adjuster has
controllable gain and consistency. This method, by using the two-
layer matching law, works without the need of disturbance boundary
information and its derivative, and the control law is proposed to build
the principles of equivalent control, which, unlike the conventional
sliding mode control law, is the sum of two parts, equivalent control
and control switching.

In this method, the sliding surface is considered as a simple sliding
mode control as (26). In order to simplify the relation (27), nonlinear
dynamics and disturbance in the derivative of the sliding surface, as

an invariant expression is taken and its value is estimated using the
adaptive controller:

Si=d(t)+u,(t)

(27)
Where
(—Cﬂ v,7)S,—- D”(v,n) S,— My, —C(v)v, — D), + T,
d(t)=
M, () (28)
u () = M,fl (mz (29)

Provided that ((t) is bounded with a range of 0d and its derivative
is bounded with a limit of 1d , in this case, the control law is considered
as (30) [91]:

u () =—-K(1) + B)sgn(S, (1)) (30)

where fis a positive and small constant scalar of design and

K (¢)is a variable scalar that is adjusted using the matching law. To
converge to the sliding surface, the relation (30) must be established:

SiS; <-A[S)| (1)
By placing the relation (31) in (30), it is possible to obtain:
Si(0)(d(0) +u (6) <=B[S,(0)] (32)
By placing (30) in (32), it can be written:
Sy () d(t) - K1)+ B)sgn(S, (1)) < =[S, (1) (33)

The relation (32), with a slight simplification, is rewritten as (34):

S51(0d(6) = KO)[S,(0)] = BIS, ()] < =B, (1)

S,(t)d(t) < K(1)|S;(1)] (34)

(sgn(S1(2))d(t) < K(¢) from the relation (34) it can be concluded
that:

|d(l)|<K([) (35)

Therefore, the relation (35) is a sufficient condition for convergence

to the sliding surface. During the convergence to the sliding surface,

0=(SI(¢#)and uc(t)is equal to the equivalent control of (ueq(¢)

,which is actually the average of is uc(¢) and it is possible to pass

the signal (uc(¢) through a low-pass filter to its approximate value

[92].  is from the solution of the algebraic equation 0 = (Si(f) when
0 = (S1(¢ ,is obtained. Therefore:

Uy () =—d(?) (36)

By passing the switching signal ((¢) through a low-pass filter, an
approximation of ((¢) is obtained in the form (36):

u ()=——
eq l+7,§

feq(6) =~ (-(k(D)+ (sga(S1) ~u (1)

In the relation (37), Ty >01is a time constant and if it is chosen

small enough, |(176q(t) - ueq(t)| becomes small enough and the correct
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estimate of ueg(¢) is obtained. The adaptation of ((¢) is made using
equivalent control. By adding a confidence margin and an estimate of
((¢) under the condition (38), we can write:

1
K(Z)>;|ueq(t)|+€ (38)

where 0< x4 <1 and _>0are design scalars and should be
chosen in such a way that:

1 S
p Ty (O] +5 > 11, (1)

(39)
Now the error variable is considered as (40):
1
6(1) = (k(1) ——|ug, (1) - €
u | (40)
1
k() = ol O+ €>[u, ()| =|d®)

Note that if 0 = ¢, then Therefore, the problem of the sliding
mode becomes a problem whose goal is 0 — ((t) . The matching law
((t) is considered as 41):

kt=—p,(t)sgn(5,((t) 41

where (pc(t)is the design variable scalar and is an interpretation

of the upper limit of the disturbance change rate, and the structure of
(pc(t) is written as (42) below:

PO =7, +71.(1) (42)

where 70 is a positive and constant scalar and (rc(t) is obtained

by solving a differential equation (adaptation law). Therefore, in this

controller there are two adaptation laws related to ((t) and ((t), the

rate of change of (k(t) (first adaptation law) is a function of ((t)

which is calculated by the second adaptation law in relation (43) so
that

| pc(t) >| d(t.

()= {7|6L,(t)| if16.0]> 8,

where 0> 50 scalar is designed. ((t)is defined as the second
matching error as (44):

ey =2y 1)

H“ (44)

where qc > 11is the confidence margin variable and the disturbance

derivative limit whose value is unknown. In figure (45), the block
diagram of the proposed controller is shown (Figure 2).

_q.dl
ety ==—-r.(1)
i
R i

X
ne =[¥]

Wi
‘)ﬁ Sliding surface H we(t) = —(k(2) + B)sign(s(t))

Figure 2 Block diagram of adaptive sliding mode control for the proposed
submarine system.

Proof of stability

According to theorem [91], if we consider the indefinite term
d such that O(t)|< d| and 1d(t)|< d| be valid and d0and dlare
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restricted but unknown. By choosing € in such a way that the relation
(45) holds for each 60 and d1, causes it to be blocked in time and as
a result the sliding motion is stable.

2
Lo g2

y\u (44)
The Lyapunov function is considered as (45):
V= 1552 + Le2
By deriving from the relation (46), it can be written:
- . _
8.(1) = kt——ii,, (1)sgn(,, (1))
H (46)

By placing the relation (46) in (45), (k(t)is obtained as follows:
k(®) = —r +7.(0)sgn(5,(1)

(47)
Also, according to the relation (48), it can be written:
=1%ot
u (48)
By placing relation (48) in (47):
2 chl
k(t)=—| rp+—<——e(t o.(t
( ) (ro u e( )Jsgn( (.( )) (49)
Therefore, (8(t) is obtained as follows:
5‘ _ chl _ S _ i —
(0= | i+ 35— e(r) fsen(5,(0) ~—g(sen(@, (1) (50
H H
where by deriving the relation (50), it can be written:
e(?) =—I'L-,(t) (51)
From the relation (51) it can be written:
6.8, =10, (t)sgn(8,(1) + [e(r) - 7‘] 8, (05en(5,(0) ~ %5(. OFOsenlr, ) (52)
we know:
1 1 q.4,
—p(O) S—|p(O)] < =—6.(1) <|5,(1)
P00 <= |6.(0) (53)
Therefore, using relation (53), relation (52) is obtained:
1 — chl |§c (t)l
;5C¢(t)sgn(ueq (1)< == (54)
Using relation (53), relation (54) can be rewritten as follows:
S chl chl
5(‘58 <5 §c(t) + (e(t) _] 50(0 - 5C(t)
0.0 P |6 ) p |5 ) (55)
The relation (55) is finally rewritten as the relation (56):
8.8, <=1|8.(0] +e(0)]5, (1) (56)
By deriving the relation (57), we can write:
V=3.(t)5, + Lewetr
Y 57)
From the relationship (56) and (57) it can be concluded that:
. 1 )
V<, |5c (t)| + e(t)|5c (t)| + ;e(t)e(t) (58)

Now, to prove the stability, the Lyapunov function plot in terms of
Scand e in figure 3 is used. Assuming that €0 = (0) and according to
the relation (45), it can be found that (r¢(¢) is always positive or zero.
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Therefore, considering that ((t)fort > 0 will never be negative, from
the equation (59), we can write:

chl
1) <———
e(t) P (59)

Therefore, only the regions specified in Figure 3 are checked for
stability. In the first region, according to the definition of ((t) and ((t)
in relation) (45) and (58), it can be written:

o) =-1.() =[5,

e

(59

i
N0}
)

®
\J/

Figure 3 Zoning based on the upper limit of Lyapunov swing in terms of dc
and e.

Discussion and results

In this section, the conventional sliding mode control for tracking
the AUV path in the horizontal plane of the simulation and its results
are presented and compared with the results [47]. In the simulations,
the Marj path is a circular path with a constant speed and it is
considered as (1-4).

Xy cos(wy) 0 0luy ],
[}'z‘l— 0 sin(y,) 0 {ud}m

2 0 0o 1x

which is

T = 0.003371'(%],% =8(m/s) Also, the initial conditions of the
s

system are as , 7, = [—100,800,%} it has been assumed.

In the simulations, the path of Marg is considered to be a circular
path with a constant speed and is considered as (1-4), where,
and the initial conditions of the system are as [0 700100—]=7,
,Ferried S. Design parameters to simulate the proposed control, as
200=7f=0.5, £=0.99,60=4,e=15yand [1,2.0,2.0]al=diag
are considered and the used hydrodynamic parameters of AUV, in the
table 2, is stated.

Table 2 AUV system parameters

unit in SI Numerical value Parameter
Kg 40 m
kg/s -0.5138 X,
kg -5.096 X,
kg/s -0.698 Y,
Kg -6.608 Y,
kgm/s 0.212 Y.
kgm -31.23 Y.
kgm? 40 I,
kgm/s 0.212 N,
kgm -31.23 N,
kgm?/s -0.53 N,
kgm? -29.683 N

Copyright:
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Table 3 Comparison of the control effort in the conventional sliding mode
control and the proposed control in the hypothetical scenario in the entire
simulation time period (s) 0-600

Suggested control Common sliding mode control

Norm maximum Norm

Average Average  maximum
T, 3.07E+04 22,1135 394.5168 6.25E+04  46.0795 5.27E+03
1, 6.09E+04 327434 752.284 5.26E+05  84.6475 3.29E+04
T,  477E+04  19.1623 808.6312 5.42E+05  89.0992 2.21E+04
T 771E+04 246731 - 6.70E+05  73.2754 -

Continuous sinusoidal disturbance: Sinusoidal disturbance is
applied in the form of (61), throughout the operation time (s) 0 — 600
to the system.

300sin(0.1377)
75, =|300sin(0.1377) |, 0<7<600

(61)
300sin(0.137¢)

A sinusoidal disturbance is introduced during the entire operation
(Figure 4). Figure 5 AUV track tracking using the proposed controller
in the presence of continuous sinusoidal disturbances. In Figure 5, the
AUV tracking is shown, and the route traveled and the path of Marg
are in complete agreement.
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Figure 4 Reference path tracking by robot with proposed controller.
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Figure 5 AUV path tracking error using the proposed controller in the
presence of continuous sinusoidal disturbances.

In figure 6, the time and direction tracking error is shown and
as it is clear, the convergence to zero has taken place. But from the
comparison of the simulation results of two controllers in the second
scenario, it can be concluded that the error in the proposed control, it
is significantly less common than the sliding mode control.

As shown in figure 7, the gain of the controller is estimated
according to the amount of nonlinear terms, external disturbance and
safety margin included in the control system.

A continuous sinusoid is shown in Figure 8 slip surfaces converge
to zero.

The linear and angular velocities are shown in figure 9. The range
of velocities in the transient response is lower than in figure 9 and in
the permanent response, although fluctuations are observed, the range
of Fluctuations are relatively small.
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Figure 6 Control gain ((t), nonlinear terms and disturbance in the proposed
controller in the presence of continuous sinusoidal disturbances.
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Figure 7 Slip surface in the proposed controller in the presence of
disturbances.
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Figure 8 Linear and angular velocities of AUV using the proposed controller
in the presence of continuous sinusoidal disturbances.
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Figure 9 Control effort of the proposed controller in the presence of
continuous sinusoidal disturbances.
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The control effort is shown in figure 9. Since the amplitude of
disturbance is considered relatively high, the range of control forces
and torques must also be close to these values to deal with the
disturbance and also, Chattering is not observed in the control effort
and it has a good quality. The range of the control effort in the transient
response is less compared to the conventional sliding mode control.
Therefore, the performance of the proposed controller is confirmed
compared to the conventional sliding mode control in this scenario.

Conclusion

The simulation results of the proposed control and the conventional
sliding mode control showed that in each of the hypothetical scenarios
for the disturbance, the error rate in the proposed control is much
lower than the conventional sliding mode control and the reference
path tracking in the proposed resilient-adaptive control method is
done more accurately. The amount of error was checked through soft,
average and maximum indicators and all these indicators confirmed
the performance of the proposed method compared to conventional
sliding mode control. Also, the scope of the control effort in the
conventional sliding mode control in the scenario had chattering, and
in general the torque and control forces of the conventional sliding
mode were more than the proposed control. If chattering was not
observed in the proposed control and the range of control effort was
appropriate. Therefore, in terms of the quality of the control effort,
the performance of the proposed control is confirmed compared to the
sliding mode control.
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