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Abstract
Tracking control has been a vital research topic in robotics. This paper presents a novel
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1 | INTRODUCTION

The research on unmanned underwater vehicles (UUVs) has
been ongoing for many years [1-7]. There are wide applica-
tions for UUVs, such as ocean surveillance, fishing, and sub-
marine construction surveys. Tracking control has always been
a fundamental issue in UUV research, although there are many
other challenging issues [8, 9].

The studies on trajectory tracking control have been a
major focus for autonomous vehicles. This research can be
categorised primarily into four different methods: back-
stepping control [10, 11], sliding mode control [12-15], line-
arisation control [16, 17], and neural networks and fuzzy logic
control [18-21]. The linearisation control method [16, 22] is
straight forward and easy to implement; however, this method
faces difficulty when applied to UUVs. These difficulties arise
due to the complex environments in which UUVs usually
operate, which makes the hydrodynamic forces hard to obtain.

The backstepping control method [23—25] is one of the most
commonly used control methods in robot control. The design of
backstepping control aims to recursively stabilise a closed loop

needs to operate in complex underwater environments.

backstepping, bioinspired neural dynamics, sliding mode control, unmanned underwater vehicle

feedback system, which is relatively easy to design and prove
using Lyapunov stability theory. In addition, the backstepping
control method has been adopted in UUV control design;
however, the velocity control law is related to the tracking errors;
therefore, the control signal will generate large initial velocity
jumps if the initial tracking error is large. This large initial velocity
change indicates that the UUV requires an impractical amount of
torque to reach such velocities at the initial stage.

Sliding mode control [14, 26, 27] on UUVs has many ad-
vantages, such as insensitivity to parameter variances and
providing the system with extra robustness against distur-
bances. The downside of the sliding mode control design is
that this control method has the chattering issue, and these
high frequency changes in the control signal may damage the
hardware in UUVs. The aforementioned velocity jump issue in
backstepping control and chattering issue in sliding mode
control could be addressed using fuzzy logic control, which is
another practical solution. However, fuzzy logic control [20,
21] requires human knowledge, and it is difficult to generate
fuzzy rules that give satisfactory results. Neural networks [28,
29] are another solution that has been implemented on UUV
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controls, which has been used to compute the complex non-
linear relations from ocean disturbances. However, this
method requires online learning and training processes, which
could be expensive and computationally complicated.

The bioinspired neural dynamics model was first proposed
by Hodgkin and Huxley [30] based on a patch of membrane in
a biological neural system using electrical circuit elements.
Then, this bioinspired neural dynamic model was first used by
Yang [31] in robotics, which was later expanded into many
other applications [32-34]. In the following work from Zhu
[23], this bioinspired neural dynamic model was implemented
on a kinematic control for a UUV in path tracking problems.
The entire control design was a hybrid control, which used a
bioinspired kinematic controller to resolve the speed jump
issue in conventional backstepping (CB) control and a sliding
mode controller for the dynamic control of the UUV.

Inspired by the special characteristic of bioinspired neural
dynamics, this paper designs a bioinspired sliding mode
controller that is capable of resolving the chattering issue,
which is more practical in real-world applications. The chat-
tering issue has existed since sliding mode control was devel-
oped, which can be observed from many applications.
Although the chattering issue has been solved, such as using
saturation or tanh function to replace the chattering term,
there are still some drawbacks to the existing solutions, such as
losing the robustness to the disturbances and the parameters
have to be perfectly tuned to prevent chattering; in addition,
considering the noises, the CB and sliding mode control are
sensitive to the noises, whereas the bioinspired-based
controller is capable of providing smooth control command,
which is critical due to the limitations of the actuator.

Therefore, in this paper, a novel hybrid control method
aided with the bioinspired neural dynamics model is proposed
based on the preliminary work in Ref. [35]. This overall design
contains a kinematic controller and a dynamic controller that
are integrated with the bioinspired neural dynamics model. The
proposed bioinspired kinematic controller is capable of
avoiding the velocity jump. Then, to avoid the chattering issue
in conventional sliding mode control, the same bioinspired
neural dynamics is combined with the sliding mode control to
provide continuous and smooth dynamic control output that is
free from chattering. In addition, the proposed control strategy
is capable of providing smooth control commands under the
system and measurement noises due to the filtering capability
from the bioinspired neural dynamics.

This paper is organised as follows: Section 2 provides the
kinematic and dynamic model of a UUV operating underwater.
Then, Section 3 provides the bioinspired neural dynamics model
that helps to develop the bioinspired backstepping kinematic
controller and bioinspired sliding mode controller. The stability
analysis of the proposed control strategy is provided in Section 3
as well. The Section 4 gives the results, which are compared with
multiple other methods to demonstrate its efficiency and
effectiveness. Finally, the conclusion in Section 5 illustrates the
developed concept and why the proposed control method is a
better control strategy for a UUV. Some potential future im-
provements are also mentioned in the conclusion.

2 | KINEMATICS AND DYNAMICS OF A
uuv

The UUVs dynamic model is presented as [30]
MV +C(V)V +D(V)V +g(n) == (1)

whete M is the inertial matrix, Cis the Cotiolis and centrifugal
forces, and D is the hydrodynamic force. The UUVs gravity and
buoyancy forces are represented by g. Figure 1 demonstrates the
coordinate systems for UUV. The inertial frame of the UUV is
represented by {X,Y, Z, O} and {X,, Y;, Zo, Op} is the co-
ordinate of the body fixed frame coordinate system. The posi-
tion and orientation of the UUV in the inertial frame is
represented by vectorn =[x y z ¢ 6 ]’ wherex,y,
and z are the position and ¢, 6, and yrare the otientation in X Y
and Z, respectively. The velocity vector of the UUV in body
fixed frame is represented by V=[u v w p q r|
where the elements in 1 are the surge, sway, heave, roll, pitch,
and yaw motions of the UUV. The controlled torque is defined
as 7 that acts on the mass centre of the UUV.
The kinematics of the UUV is given as

n=JmnV (2)

where | (1) is a transformation matrix between the body fixed
frame and inertial frame. This paper discusses the UUV that
operates in horizontal plane; therefore, the reduced dynamics
of the UUV can be written in a decoupled form as [37]

>

Ty = (m—&)d+&,u+)g,uu|u| (3)
Ty = (m - Y@)'& + Y, + Yo, 0|0 (4)
IN = ([Z —Nr-)f—&—N,r—i—Nwﬂﬂ (5)

where 7 represents the mass, and added mass effects of # and
v are X; and Y3, respectively. Parameter N; is the added

FIGURE 1 Unmanned underwater vehicle (UUV) coordinates in body
fixed and inertial frame

8518017 SUOWWIOD BA 181D 8|ed |dde aup Aq paueA0b 818 SB[o1e O ‘88N 4O SajnI 0} ArIg1T8UIIUO A8]IM UO (SUORIPUOD-PUR-SLIBIWI0D" A 1M ARe.q1BU1|UO//SARY) SUORIPUOD PUe SWLB | 38U} 885 *[5202/20/.2] Uo AiqTauliuo A8|IM ‘0902T 2AS9/60T OT/I0p/w00 8| im" AReiq 1 pUlJUO"Yoeesa.1a //:SaNY W01} papeo|umoq ‘€ ‘220z ‘STEITEIZ



XU ET AL.

| 155

moment of inertia from 7, and [, is the moment of inertia in z.
Linear drag in #, v, and 7, are, respectively, X,,, Yo, and N,. The
quadratic drags in #, v, and 7 are X,,, Yo, and N,,, respec-
tively. Vector 7= [Tx 7y TN] is the control force and
moment that is applied on the centre of mass on UUVin X, ¥
and orientation of body fixed frame.

3 | UUV CONTROL DESIGN AIDED
WITH BIOINSPIRED NEURAL
DYNAMICS

This section develops a hybrid control strategy for a UUV. The
block diagram in Figure 2 demonstrates the designed control,
which is a hybrid control strategy that consists of two closed
loops. The outer loop consists of a bioinspired backstepping
(BB)-based kinematic controller that is capable of providing
smooth velocity command and preventing sharp velocity jumps
from sudden changes in initial tracking errors. Then, the output
control command from the BB controller is processed through
the inner loop control, which is a sliding mode controller that is
also combined with the bioinspired neural dynamics. The bio-
inspired sliding mode controller is capable of preventing the
chattering issue that occurs in conventional sliding mode control
yet a certain amount of robustness to disturbances remains as
the bioinspired neural dynamics acts like a low pass filter.

3.1 | Bioinspired neural dynamic model
Hodgkin and Huxley [30] proposed a membrane model based
on a path of a membrane using electrical elements. This model
was then developed by Grossberg [38] who described a real-
time adaptive behaviour of individuals. Then, it was first
applied in robotics by Yang and Meng [31], which has been
expanded into many other robotic applications. The bioinspired
inspired neural dynamic model, which is called the shunting
model, is written as

X = —Apx; + (Bi — JCZ')SZ'+ — (DZ’ + x,-)Sf (6)

whete x; is the neural activity of ith neuron, A; is the passive
decay rate, and B; and D, ate the uppet bound and lower bound
of the ith neuron, respectively. Variables ;™ and S;~ are the ith
neuron excitatory and inhibitory inputs. Based on Equation (6),
the shunting model that is applied in this paper is defined as

Li=—A;Li + (B; = Li)f (&) — (D; + Li)g(e;)  (7)

where e; is the error between the reference state and the actual
state of the UUV, which is treated as input of the bioinspired
neural dynamics, and f (e;) and g (e;) are defined as f (¢;) = max
(e;, 0) and g(e;)) = max(—e;, 0), respectively. Variable L; is the
output, which is guaranteed to be bounded within (=D,
B)) for any input of e;. In addition, it is worth noting that the
shunting model also has the filtering property that acts like a
low pass filter. Equation (7) is applied twice in this paper to
separately address the velocity jump and chattering issues in
backstepping control and sliding mode control. Inspired by the
special characteristic of the shunting model, the following
subsections explain the design procedures in detail.

3.2 |
control

Bioinspired backstepping kinematic

The backstepping control design is straightforward and rela-
tively easy to design. This paper discusses the motion of a UUV
in horizontal plane; therefore, for a UUV operating horizontally,
the reference posture of a UUV is defined as 75,=

T
[xV Yr lllr]
state in sutrge, sway, and yaw motons is defined as V, =

in inertial frame. The desired reference velocity

[, v, r,]T. Based on Equation (2), the relations between
the reference position state and reference velocity state can
be obtained through a transformation matrix J (), which is
defined as

", Cy, Sy, O0f]x
v | =|-Sw, Cy, 0|y, (8)
7 0 0o 1|7

where S and C represent sin and cos function, respectively. The
objective of the kinematic controller is to generate velocity
control commands, which forces the UUV to reach a certain
velocity that makes the tracking error approach zero. The
tracking error with re;pect to the body fixed frame is defined
asep=[e; e e3], where e, e, and e; are the tracking
error in surge, sway, and yaw motion with respect to the body
fixed frame. The tracking error with respect to inertial frame is

calculated by

FIGURE 2 Block diagram of an UUV based on the bioinspired control strategy

. Bioinspired Bioinspired
Motion 1, €p pire 10InSp uuv uuv a
Backstepping Sliding mode > : > . . >
Planner Dynamics Kinematics
Controller Controller
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Figure 3 shows the coordinate conversion of the tracking
error between the body fixed frame and inertial frame, whete e,,
ey, and e, are, respectively, the tracking error in X, ¥ and
orientation in inertial frame. Then, the convectional design of the
back stepping-based kinematic control for the UUV is given as

T
Ve= [%c TVe Tc ]
£ (e:0) + 650) + (w5(e,) ~.C(s,)
= kﬂ( —eS(y) + eyc(‘//)> + (”rS(ew> + 'vyC(e.,,))
¥4+ /ebe.,,

(10)

The velocity commands in the surge, sway, and yaw mo-
tions are #,, U, and 7, respectively. Parameters k, and ky, are the
control parameters for the backstepping-based kinematic
controller. Based on Equation (10), it can be observed that if
there is a large tracking error at the initial stage, e,C(y) + e,
W), —eSWw) + e,C(y), and kye, will cause speed jumps in
surge, sway, and yaw motions, respectively. Therefore, in order
to resolve the speed jump issue, the BB control is proposed, in
which the new virtual velocity command is defined as

V. )

[ue v 7c

ka(LiC(y) + LS(w)) + (4,S(e,) — v,C(ey))
= | k(= LiS() + Lo.Cw)) + (wS(ey) +2:Cley))
7+ kbL’>
(11)
whete Ly, L, and Lj; are the outputs from the bioinspired

neural dynamics whereas e,, e, and e, are the respected inputs.
Due to the special characteristics of the shunting model, by

Ay
ul"
r?‘
Iy
u
!
ey vr /'
7
// I,la
Y z }”a
\S
\/ o
\
Vr
Va
%, X

FIGURE 3 Coordinate conversion for unmanned underwater vehicle

assuming B; = D, the error term in the virtual control com-
mands has the following inequalities

/Ca(qu(l//) + LzS(l/I)) < kﬂ(B1 + B, )
k(= LiC(y) + LoSw)) <k( =B +B) (12
lebL3 < /61733

wherte By, By, and Bj; are positive constants. Thus, by carefully
selecting the #,, v,, and 7,, the velocity virtual control inputs
are bounded and not exceeding its dynamic constraints. In
addition, the BB control is also capable of providing smooth
control input under noise due to its filtering capability; A; in
the shunting model acts as the bandwidth of the low pass filter.
To prove the stability of the BB control, the Lyapunov
candidate function is proposed as

1 k k k
v :_( 2 4 2 2) Lagoy Fago ®bg2 g
»=3 e, +ete, +231 1+ZBZ 2+283 s (13)

then, the derivative of V), is found to be

. ) . ) k, - ko - k. -
Vp — €x€Ex + eyey + e,,,ev, + B—1L1L1 + B—2L2L2 —|— B_3L3L3
(14)

The proposed bioinspited kinematic control strategy is
capable of generating smooth velocity commands and avoiding
sharp velocity jumps if an initial tracking error occurs, and its
stability is proven in Subsection 3.4.

3.3 |
control

Bioinspired sliding mode dynamic

This subsection develops a sliding mode controller that is aided
with bioinspired neural dynamics aforementioned from Sub-
section 3.1. The generated virtual velocity commands from BB
control are treated as the reference state for the dynamic
control of the UUV. The control command 7 is then generated
from the bioinspired sliding model controller, which is used to
drive the dynamic model of UUV to reach its desired state.

First, the velocity error is defined as e = V, — V, where V/,
is the actual velocity that is observed with respect to the body
fixed frame. Defining I" as a positive constant, the sliding
surface is proposed as

S:é+2Fe+F2/e (15)
By taking the derivative of Equation (15), which gives
S=é+2re+TPe=¢+20(V.—V,)+T%  (16)

Based on Equation (16), if the system operates on the
sliding surface, then,

S=é+20(Ve=V,) +T%=0 (17)
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From Equation (1) into Equation (17), it is calculated as

é+20(V. =M Y (1=CV,-DV,—g)) +1%=0 (18)
Therefore, the equivalent control law is found that
. e T

tq=M(Ve+ o=+e) +CV. 4+ DVatg  (19)
A feedback control input of acceleration is used in Equa-
tion (19) due to the difficulty of computing €, which is defined as
=k (20)

Therefore, the conventional sliding mode control law is

defined as
T =Tgy + ksgn(S) (21)

It is observed from Equation (21) that the chattering in
control signal is caused by sign function. One commonly used
control method that is capable of eliminating the chattering
issue in conventional sliding mode control is by replacing the
sign function with saturation function. The sliding mode
control with saturation function can be defined as

T = Tey + Sat(S)

Sat(S) = /€SS if —D4 < kSS < B4
-D, if kSS <-D,

where k; is a positive constant that defines the changing rate of
the control output, and B, and —Dj are the upper bound and
lower bound of the saturation function, respectively. Although
the saturation function works in some situations if the control
parameters are relatively small, UUVs usually operate in
complicated environments, which sometimes require larger
control parameters. Therefore, the same bioinspired neural
dynamic that applied to the CB control in Equation (11) is
combined with sliding mode control again. The bioinspired
sliding mode control is defined as

T="Te+ Ly (23)
whete L, is the output of the shunting model that is defined in

Equation (6). The Lyapunov candidate function for the bio-
inspired sliding mode controller is proposed as

L’——fSTS—kEBZL4 L, (24)

Then, the derivative of Equation (24) is calculated as

Vv, AfSTS—kz§L4 L, (25)

The proposed sliding mode dynamic control input solves
the chattering issue that occurs in the conventional control
method yet gives extra robustness to the controller since there
are more parameters that can be tuned for the controller to
reach satisfactory results.

3.4 | Stability analysis
The proposed control strategy contains two closed loops, which
are BB kinematic control in the outer loop and bioinspired
sliding mode control in inner loop. These two kinematic and
dynamic controls are separately proven to be asymptotically
stable using Lyapunov stability analysis. Then, an overall Lya-
punov candidate function is provided to demonstrate that the
proposed control strategy reaches global asymptotic stability.
For BB control, the time derivative of the Lyapunov
candidate function in Equation (14) is divided into three com-
ponents, which would be easier for the calculatlons These three
components are €6 + eyéy, 7 —L L1 + LZLZ, and e,€é, +
bLng From the definition of the trackmg errors, exéy + )€, is
rewritten as

exéy + ey = (X, — X,) + e, (y, - yﬂ) (26)

Then, based on Equations (2) and (8), (20) is rewritten as

exéx +ey6y = e ((Clwy) g — S(wq)va
= (1.C(w.) = vS(w))
+e((S(w,)ur + Clw,)v,)
= (1S (w.) +2.C(w)))

By substituting Equation (11) into Equation (27), it can be
calculated that

(27)

e+ 6y = e ((Cly,)w = S(v,)v)
= (kL +u,C(y,) +v,5(v,)))

+eo,((S(w,)u + Clw,)vr) (28)
= (kLo +w:S(w,) = v.C(w,)))
= —k.eL — ke L,

For the second part of the Lyapunov function for the BB
=D,and B, =D,,
based on the definition of the shunting model in Equation (7), it
is derived as

controller, k—‘:L1L.1 + %Lzlz, by assuming B,

ML+ gLl = 5 (~ A = fle) ~gle) ]
+ka(f () —g(ey))La
) (29)
(= fle) -5le)
< L3 +ka(f(ey) —g(ey)) L2
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The last part of Equation (14) is e, €, + kyLsLs, which is
calculated as

o ks b
ey + B%L”L»” = —kpey L5 + Bi; (—A5—f(ey)

—8(ey)) L3+ ko (f () —g(e)) L5 (30)

By combining Equations (28), (29) and (30), based on
Equation (7), it can be concluded that f'(¢;) = e; and g (¢;) = 0,
if e; > 0. Otherwise, if e; < 0 then g (¢;) = —e¢; and f(e) = 0. It
can be concluded in Equations (29) and (30) that

—A; —f(e) —g(e:) <0

fle;) —gle;) —e; =0 (31)

In addition, as ¢ — o0 and V}, — 0, overall, VP is non-
positive, if and only if ey, e,, and e,, are zeros, Vp = 0. Thus, the
BB control is proven to be asymptotically stable.

As for the bioinspired sliding mode control, substituting
Equations (7) and (17) into Equation (25), it gets

. 1
v, — ST(é’+ 2Té 4 er> + ( — AL,
4

n <B4T - L4T> 7(8)" - <D4T + L4T> g(S)T)L4
(32)

_ Then, substituting Hquations (1) and (19) into Equation (32),
V', becomes

. 1
V,=S"L,+ ELH( _AZT_f(S)T - g(S)T)

. (33)
+—L4 <B4Tf(5)T - D4Tg(5)T)L4
B,
By letting B, =D, Equation (33) finally becomes
. 1
Vim oLl (~ a4 =(5) - 5(9)")
! (34)

+(F) -g(5)" + 5"y

Similar to the concept of Equation (31), it is obvious that
ELE (—AT = £(5)T = 8(8)7) <0and (f8)" = g7 + ") =
0. As t = o0, both L, and § approaches zero, only if e equals to
zero, § = 0. In addition, using the input—output property of
shunting model from Equation (7) as e = 0, L approaches zero
as well.

For the overall stability, the Lyapunov candidate function
and its time derivative are proposed as

Vo=V, +V,

A (35)
Vo=V,+V,

Based on the results obtained from Equations (26) to (34),
it is easy to vetify that V, < 0, if and only if e,, €y, €y, and e are
equal to zero, then V, = 0. Thus, the overall control stability
has been proven.

4 | RESULTS

This section demonstrates the superiority of the bioinspired
aided controllers over the conventional method. The proposed
control strategy generates smooth velocity and torque com-
mands, which overcomes velocity overshoot and chattering
problems in backstepping control and sliding mode control,
respectively. Simulation results are shown in two different
parts, tracking a straight path and a circular path, which are the
two types of typical movements for a UUV operating under-
water. In order to demonstrate the superiority of the proposed
control strategy, three other methods are shown in the com-
parison. The UUV parameters [23, 39] are provided as
m—X;=m—Yy;=5435 L —N; =1.93. The linear drag
with respect to surge, sway, and yaw motion are treated as
X, =Y,=1751, N, = 2.4, finally, the quadratic drag for the
UUV are X, = 10, Y., = 10, and N, = 2 in surge, sway, and
yaw motions, respectively. The control variables are set to
E=[2 2 02)  k,=2k,=1,k.=1,and " = 1. As for the
shunting model that is used in both backstepping and sliding
mode control, the variables are set to A = A, = A3 =4, B; =
B,=B;=D =D,=D; =1, A;=[3 3 3], and
By=Dy;=[1 1 1] . In addition, the saturation function
used to replace the sign function in sliding is provided as
B,=Dy,=[1 1 0.03 ]T, and k; = 3. The torque command
follows the time response of the first order system to ensure its
smoothness; then the actual torque commands generated are
defined as 7.(¢) = 7(¢) (1 - e_"’), where 7. is the actual com-
mand that is sent to the UUV dynamics and o is set to 0.5.
Finally, the sampling time is set to 0.01 s.

4.1 | Straight path tracking

One of the most common movements for a UUV operating
underwater is to move straight forward; therefore, a straight
path is given to test the efficiency and effectiveness of the
proposed method; in addition, it is assumed that the desired
tracking trajectory is continuous and differentiable. Given
the desited tracking trajectory as X; = 3 + 04 ¢
Y; = 04 t, and y,; = 45°, the initial state for the UUV is
set as (0, 0) and y,, = 0. Figure 4 shows that all the control
strategies track desired trajectory, and the CB control strat-
egy yields a slightly different path than other methods with
BB control.

However, in Figure 5, the velocity commands that are
generated from the CB control suffer from speed jump issues,
whereas other control methods that are implemented with BB
control yield smooth velocity commands without any speed
jump. This speed jump issue is critical for UUVs in real-world
applications, because a speed jump would infer that the initial
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FIGURE 5 Velocity commands for unmanned underwater vehicle
tracking a straight path. Green: Conventional backstepping; Red:
Bioinspired backstepping

demanding torque would be infinitely large for a UUV to be
able to reach such speed instantly. Therefore, the BB control
has practically solved this issue. In addition, based on the
observation in Figure 0, the sliding mode torque control suf-
fers from the chattering issue whereas the bioinspired sliding
mode control has avoided chattering and provides smooth
control inputs.

The saturation function is a commonly used method that
can be integrated with sliding mode control to eliminate the
chattering issue in the conventional control method. Based on
the definition of Equation (22), the saturation function could
still potentially produce chattering problems if the tracking
error does not fall between [—D,, By] and the k is not perfectly
tuned. Since the UUV wusually operates in complicated

FIGURE 6 Torque commands for unmanned underwater vehicle
tracking a straight path. Cyan: Conventional sliding mode control; Red:
Bioinspired sliding mode control
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FIGURE 7 Torque command comparison for unmanned underwater
vehicle tracking a straight path. Blue: sliding mode control with saturation
function; Red: bioinspired sliding mode control

environments, the control parameters for sliding mode control
with saturation function could be difficult to tune to give
satisfactory results. As shown in Figure 7, although 7, and T,
are relatively smooth, there is still a chattering issue, which
occurs in 7,. Therefore, the saturation function does not
completely resolve the chattering issue, but bioinspired sliding
mode control is able to handle the chattering problem
perfectly.

4.2 | Circular path tracking

This subsection tests the proposed tracking control strategy for
a UUV tracking a circular path, which is a typical movement
that UUVs need to achieve for trajectory tracking. The
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FIGURE 9 Torque commands for unmanned underwater vehicle
tracking a circular path. Green: Conventional backstepping; Red:
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reference tracking path is defined as X, = 5cos(0.1 ),
Y, =7 + 5sin(0.1 t), and ¥; = 0.1 ¢, and the starting state of
the UUV is defined as (0, 0) and y, = 0. The results are shown
in Figure 8; all the tracking strategies make the UUV tracks the
desired circular path. However Figure 9 once again shows that
the BB control outperforms the CB control, and the BB
control once again provides smooth velocity commands
without sharp velocity changes whereas there is large velocity
jumps from the conventional method.

The velocity commands from the BB control method and
then propagates through the dynamic controller, where the
results are shown in Figure 10. The output from the sliding
mode controller suffers from the chattering issue, and the
bioinspired sliding mode controller yields smooth torque
commands. In addition, by comparing the results with the
saturation function in Figure 11, it shows that tracking a

Time(s)

FIGURE 10 Torque commands for circular path tracking. Cyan:
Conventional sliding mode control; Red: Bioinspired sliding mode control
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FIGURE 11 Torque command comparison for unmanned underwater
vehicle tracking a circular path. Blue: Sliding mode control with saturation
function; Red: Bioinspired sliding mode control

circular path for a UUV does not remove the chattering issue
in the saturation function, while bioinspired sliding mode
control still yields satisfactory results. The proposed hybrid
control strategy has proven to be the best choice over the other
control strategies in the provided results.

4.3 | Tracking performance under noises

The UUV often operates in complex and complicated envi-
ronments where the system and measurement noises play
major roles in tracking performance, as well as the control
smoothness. Thus, the proposed control strategy is tested
under system and measurement noises. The Kalman filter
and extended Kalman filter are, respectively, used to provide
accurate state estimates for the kinematics and dynamics of the
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FIGURE 12 Velocity command comparison for unmanned
underwater vehicle tracking a circular path under noises. Green:
Conventional backstepping and sliding mode control with saturation
function; Red: Bioinspired backstepping and bioinspired sliding mode
controls

UUV. The system noises are considered as zero mean Gaussian
with the covariance of [10_3 1073 10_4] in the velocitie
estimates, and [10_5 107° 10‘6] in the position state es-
timates. The measurement noises are treated as ten times
higher than the system noises, respectively. The path that is
used to test the tracking performance is a circular path same as
Subsection 4.2, which is defined as X, = 5cos(0.1¢), Y, =7 +
5sin(0.1 £), and ¥z = 0.1 ¢, and the starting state of the UUV is
defined as (0, 0) and y, = 0.

As shown in Figure 12, under the noises, the proposed
bioinspired control strategy is capable of providing a smooth
velocity command, while the control signal in conventional
method has a chattering issue under the noises. This control
smoothness is critical since the actuator may not be able to
handle fast changing signals, and the conventional method
apparently places an extra burden on the actuator.

5 | CONCLUSIONS

This paper developed a hybrid control strategy for UUV; the
proposed control strategy contains a BB kinematic controller
and bioinspired sliding mode controller, which, respectively,
resolves speed jumps and chattering issues in conventional
design. In addition, the proposed strategy is capable of
providing smooth control inputs even under system and
measurement noises. To demonstrate the efficiency and
effectiveness of the proposed method, a comprehensive
comparison study is conducted; the results show that the
proposed control strategy has more advantages over the other
methods in terms of the tracking command smoothness and
practicability. Further studies could potentially focus on
resolving the effects of disturbances with accurate state esti-
mates towards the proposed control strategy.
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