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Design of Novel S-plane Controller of Autonomous Underwater
Vehicle Established on Sliding Mode Control
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Abstract; Based on the deep analysis of the mathematical model of an autonomous underwater vehicle (AUV) ,

comprehensive considerations are given to the coupling effect of AUV’s longitudinal velocity on the other degrees

of freedom. In the meantime, discussions are made on the influence of residual buoyancy and restoring moment.

A novel S-plane controller established on sliding mode control (SMC) is hereby proposed in this study. The

strengths of traditional S-plane controller including simple structure and easily adjustable parameters are

maintained in the improved design while the weakness of unsatisfactory control effect at the time of high-speed

operation is also overcome. Lyapunov function is introduced to make the stability analysis of the controller before

it is successfully applied to the basic motion control of AUV-X. Then the comparative experiment test is carried

out between the traditional S-plane controller and the novel S-plane controller. The effectiveness and feasibility

of the novel S-plane controller established on sliding mode control in the AUV basic motion control is verified by

the comparative analysis of experiment results.
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1 Introduction

Rapid development of autonomous underwater
vehicles (AUV) is witnessed along with the progress in

industrial
1-2]

artificial intelligence, automatic control,

computer, sensor and network transmission technology'

Known as an important tool for a Variety of underwater
tasks¥ ( including dam detection'* |
[5-6]

underwater
pipeline detection , mineral resource exploration'”’ |
relay communication'®’ as well as military intelligence
gathen'ng[g] , etc.), the autonomous underwater vehicle
has shown a promising prospect in military and marine

10-12
(10-12] seafloor

resource  development Detection  of
resources, detection and identification of underwater
objects, intelligence gathering and relay communication
are the primary tasks of the autonomous underwater
vehicle. Therefore, remarkable control performance and
a stable work platform on the AUV are needed to
perform these tasks' . Tt is difficult, however, to
establish accurate mathematical models since the AUV

" and coupling system''® in

[17]

is a highly nonlinear

addition to the complex external environment

time-varying moving conditions' "’ .

| [19-20

and
For this reason,

focus is put on neural networl "and fuzzy logic
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2l in studies at home and abroad. In neural

control '™
network control, full considerations are made in view of
the AUV’s high nonlinearity and strong coupling effect
among the degrees of freedom. Tracking and learning of
subtle changes of the system itself and the external
environment can be performed, but it is difficult to
determine the parameters such as structure and weight.
In addition, significantly slow learning, buffeting and
even misconvergence may be caused by environment
disturbance'®'. The design of fuzzy logic controller is
easier and it provides higher stability, but there are
demanding requirements on researchers’ experiment
experience in the selection of fuzzy variables and
membership functions'*'. Due to the limited time and
heavy workload in practice, complicated adjustment of
parameters will be adverse to the application of fuzzy
logic control on the AUV.

Fuzzy control rules are introduced to simple-
structured PID controller and the traditional S-plane
control method is provided in Ref. [25]. Based on the
analysis of traditional S-plane control method, fuzzy
logic reasoning and developed fuzzy nonlinear PD
control method are expounded in Ref. [26]. As it is
suggested by the sea trial results, low-speed control of
the AUV can be performed by the traditional S-plane
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control method, but there is slow response and
oscillation due to the lack of considerations of the
coupling factors in high-speed motion. As it is
suggested by the sea trial results, low-speed control of
the AUV can be performed by the traditional S-plane
control method, but
oscillation due to the lack of considerations of the

coupling factors in high-speed motion.

there is slow response and

Based on a deep analysis of the mathematical
model of the AUV, reference is made to the theory of
sliding mode control (SMC) and a novel S-plane control
method established on sliding mode control is put
forward in this study. The coupling problem is solved to
meet the requirement of high-speed motion control. The
stability analysis of the novel controller is also carried
Thrust
strategy based on constraints is proposed. Finally, the
feasibility and effectiveness of the present control

out through Lyapunov function. allocation

method is verified by comparative experiment results.
2 AUV Motion Modeling

In regard of the symmetry of AUV, its motion
model can be simplified as follows">"

I(v)v +A(v)y +F, + My =F,; (1)
where I (v) is the matrix of inertial hydrodynamic
coefficients. v = [u v w p q r] is the components of
kinematic velocity and angular velocity in six degrees of
freedom. A(v)

hydrodynamic coefficients. F is the component of static

stands for the matrix of viscous
force (moment) in the hull coordinate system. M is the
mass matrix. F. is the thrust (moment) of the thruster.
To simplify the calculation, it is assumed that the
AUV has three symmetry planes, from which Eqs. (2)
and (3) are obtained. Z, , X; and Y, are hydrodynamic
derivatives, and m is the mass of the AUV.

0 0 0 0 -Zw Yo
0 0 0 Zw 0 -Xu
0 0 0 -Yo Xu 0
L= 0z v 0 -N Mg
W 0 -Xu Nr 0 -Kp
|~ Yo Xu 0 -Mgqg Kp 0

(2)
_M}’[z _N]
(3)

M= diag[m - X, ;m -Y, m -Z,1, -K I

3 Novel S-plane Controller Established on SMC

3.1 Traditional S-plane Controller

Traditional ~ S-plane  controller
2]

follows  the
mathematical model that'

0, = 2.0/(1.0 +exp(—kye,
. = Ko,

k) =10+ o,

where o, stands for the control output (i.e., force or

moment) of the ith degree of freedom. e, and e, are the
control inputs (i.e. normalized deviation and deviation
change rate) of the ith degree of freedom. k;, and k;,
represent the control parameters of the ith deviation and
deviation change rate. Ao, is the external inherent
disturbing force obtained in an adaptive way. f; is the
expected output force or moment of the ith degree of
freedom, and K, is the maximum thrust and moment
provided by the ith degree of freedom.

On the basis of analysis of the mathematical
model, Eq. (4) fails to make full considerations to the
influence of speed on the viscous hydrodynamic force as
in Eq. (1), which is very likely to bring difficulty in
high-speed control. On the other hand, there is no
consideration of the influence of residual buoyancy and
restoring moment of the AUV itself. When these factors
are adjusted in an adaptive way, response lag and
buffeting will be caused in the event of significant
residual buoyancy.

3.2 Design of the Novel S-plane Controller

Based on the above analysis and comprehensive

considerations to the coupling factors at the time of

221 " a novel S-plane controller

high-speed motion
established on SMC is proposed whose mathematical
model is shown as follows:

F =K, -exp(eu’) - f(s) +R (5)
where F is the output vector of the controller. K, stands
for positive diagonal matrix, & for manually adjustable
parameters and & > 0. u is the longitudinal velocity and
f(s) is Sigmoid function. s has the similar meaning with

the sliding plane in sliding mode control. R is the
estimated residual buoyancy and restoring moment.

f(s) and s are defined as follows ;

f(s)=2/(1 +exp(s)) -1 (6)
s=06T® -v=d-v (7)
where & represents positive diagonal matrix. T is the
transformation matrix between the geodetic coordinate
system and the hull coordinate system. With 7 =
[xyz@ 0] as the AUV’s position and attitude angle
matrix in the geodetic coordinate , @ is the estimation matrix
ofr.®@=[x, —x y, -y z,-z ¢, —¢ 6, -0 ¢, -]
stands for position deviation and attitude angle
deviation. v = [u v w p g r] has the same definition with
that in Eq. (1).

Given to the above statements, the influence of
residual buoyancy and restoring moment are taken in
account in the novel S-plane controller. On the other
hand, the viscous hydrodynamic force that varies with
the speed at the time of high-speed motion is dealt with
by introducing the velocity function.

3.3 Stability Analysis of the Novel S-plane Controller

Lyapunov function as shown in Eq. (8) is used to
make the stability analysis of the novel S-plane controller.
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1
1% =?sTMs (8)

It can be induced based on the above analysis that
M is positively definite matrix. For this reason, Eq.
(8) can meet the requirements of Lyapunov function.
Eq. (9) is the partial derivative of Eq. (8).

V= ?sTMs +5'Ms (9)
Eq. (10) is obtained with reference to Eq. (1).
Ve- {sTA(v)s +s"[F —I(v)d - A(v)d -

~ Md] } (10)

Eq. (11) is shown as follows when Eq. (5) is put
in Eq. (10).

V=-s"A(v)s +s"[L(0)d + A(v)d + o
R +Md - K.exp(eu’)f(s)]

Eq. (12) is based on positively definite matrix
A(v) ,

the matrix.

among which A is the minimum eigenvalue of

min

V<=2, A0) s

min

| Md + (I,(v) +A(@w)d +R | |5 |

= A (K)exp(eu) ||s || +
(12)
If the selected K, can meet Eq. (13), 1% <0,

which means the qualified K, can make sure that s
converges to zero.

I Md + (I(v) +A(v))d +R |

K ) =
oK) = exp(eu’)

(13)
Withs =0, 6T® —v = 0. Eq. (14) is obtained

1 _.
with V = ?djld) .

V==@'T'6T®P < 0 (14)

This can ensure that @ will gradually converge to

zero, which means the output value of the control

system will get closer to the target value. In this way,
satisfactory control effect will be achieved.

4 Application of Novel S-plane Controller

4.1 AUV Platform

AUV-X of Harbin Engineering University is the
research object in this study. As shown in Fig. 1, it
includes planning system, navigation system, basic
motion control system, power system, acoustic vision
system, optical vision and emergency response system,
all of which are embedded into the AUV body.

The sensors equipped on the AUV are GPS for

position measurement, Doppler velocity logger for speed

- 60 -

measurement, optical fiber compass for attitude angle
data, depth logger that measures the distance to the
surface, altimeter that measures the distance to the
bottom, image sonar and video camera. In addition, the
equipped  for

underwater dead reckoning. There are eight thrusters

inertial navigation system is also
but no active rudder or fin. Two of the eight thrusters
server as the horizontal main thrusters (one as the left
main thruster D and the other as right main thruster
), with their axis 13" to that of the AUV-X. Another
two thrusters server as the vertical main thrusters (one
as the upper main thruster @ and the other as the
subjacent main thruster@) , with their axis 26  to that
of the AUV-X. In addition, four conduit thrusters are
used as the lateral thrusters (the bow lateral thruster®
and the stern lateral thruster@) and vertical thrusters
(the bow vertical thruster @) and the stern vertical
thruster@) ) . The primary missions of the AUV cover
pipeline detection, target detection and identification,
long-distance high-speed motion as well as data

collection, etc.

Fig. 1 Configuration of AUV-X

4.2 Control Algorithm

In the presence of high-speed motion and with
considerations of the significant coupling effect between
the longitudinal velocity and the other degrees of
freedom, the traditional S-plane controller is used to
accumulate the longitudinal output to deal with the fast
changes of the longitudinal velocity. As for the other
degrees of freedom, the novel S-plane controller in this
study is applied. Given to the influence of deviation and
deviation change rate, this study makes reference to the
traditional S-plane controller in the definition of the
sliding mode surface in Eq. (15).

s=ke+ ke

(15)
where
e=[u,~u y =y 2=z ¢, =¢ 0,0 ¢, -¢]
It is noticeable that at the time of high-speed
motion, speed control is typically conducted in
longitude with position control carried out for the other
degrees of freedom. The longitudinal control inputs are
deviation and  longitudinal

longitudinal  velocity
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acceleration, while the control inputs of the other

degrees of freedom are position deviation and its change

rate or angular deviation and its change rate.
K, = diag(k,;,kyy ks ks ks i)
K, = diag(kyy Ky by kooy  Fos o)

The control model is as follows
‘fizszif(si)’ L:I

=R, + Kexp(eu’)f(s;) i =26

where f; stands for the force and moment provided in

i

(16)

each degree of freedom. s; and R; are the ith component
of the corresponding vector. K ; is the component at row
s and column ¢ in diagonal matrix K, .
4.3 Thrust Allocation Method

In view of the AUV’s symmetric and slender body
as shown in Fig. 1, the rolling motion is not taken into

F, cos Yy cosy cos O
F, —siny siny 0
F. |= 0 0 -sin@®
M, O O llhr3
M: Zlhrl llhrZ 0

As shown in Eq. (17 ), the thrusters are

redundant. For the
more constraints are required for thrust allocation in

purpose of simplified calculation,

accordance with task requirements in practice.
In case of high-speed motion  control
(>0.8 m/s), the unsatisfactory force provided by the
conduit thrusters in the sway direction often fails the
desired sway motion condition. For this reason, motion
control can be realized by adjusting the yaw angle,
hence
F =0 (18)
Likewise, there exists considerable coupling effect
between surge and heave motions upon high-speed
control. Depth control is realized by adjusting the pitch
angle and no force is provided in the vertical direction,
hence
F. =0 (19)
Considering the significant thrust reduction of
conduit thrusters upon high-speed motion, the yaw and
pitch are not controlled by the conduit thrusters for
energy efficiency, hence
Firus * lis = Fie * Ly =0
Fiog *lig = Frg s =0

The force required in surge direction is allocated

(20)

after taking into account of the maximum force that
can be provided by the main thrusters. When 7 is the
ratio of the maximum force provided by the horizontal
main thrusters and the vertical main thrusters, hence

account. The thrusters are arranged as illustrated in
Fig. 1. The forces provided by the left main thruster
and the right main thruster are assumed to be F,,, and
F,., , with the arm of force [, and [, and angle y to
the axis of the AUV. The forces provided by the upper
main thruster and the subjacent main thruster are F, 4
and F, , , with the arm of force /,,; and [, , and angle ®
to the axis of the AUV. The forces provided by the bow
lateral thruster and the stern lateral thruster are F, s and

And the forces
provided by the bow vertical thruster and the stern

F. , with the arm of force [, s and [, ¢ .

thr

vertical thruster are F , and F with the arm of force

thr8 s
lygand e . F, , F and F_are the forces provided in
the surge, sway and heave directions while M, and M,
are the moments in the pitch and yaw directions.

Eq. (17) can be reached as follows.

Fin
FlhrZ
cos® 0 0 0 0 F
0 1 1 0 0 F““
sin @ 0 0 1 1 thid (17)
Zlhr4 0 0 - llhr7 lmrs F1hr5
0 lys —lys 0 0f|Fue
Flhr7
_F'hrS_
(Fpn ¥ Fyp)cosy =n(F, 5+ F,,)cos @
(21)

Eqs. (17) = (21) jointly lead to the force
provided by each thruster for the purpose of velocity
control upon high-speed motion.

In position control, the AUV proceeds in a slow
and stable way and potent force can be provided by the
conduit thrusters. Therefore, the constraints are added
as follows. The upper main thruster and the subjacent
main thruster are shutdown, namely F,, = F,, = 0.
The lateral force is provided by the bow lateral thruster
and the stern lateral thruster. The longitudinal force
and bow rolling moment are provided by the left main
thruster and the right main thruster. The vertical force
is provided by the bow vertical thruster and the stern
vertical thruster. The pitch angle is not taken into
consideration. In this way, Eq. (17) is simplified into

Eq. (22).

F,,
F, cosy cosy O 0 0 0]|Fue
F | |-sin® sin® 1 1 0 O||F,s
F. 0 0 0 0 1 1||F,,
M ~ Ly by lyws —lws 0 O)|F 7
_Flhrg_
(22)
Eqs. (23) and (24) are the constraints.
Fis * lius = Fug * L =0 (23)
Flhr7 * ll|1r7 - Flhr8 : llhrS = 0 (24)
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Eqs.(22) —(24) specify the force provided by

each thruster for position control.
S Test Results

Longitudinal velocity control, heading control and
depth control tests are carried out on the research
object in sea trial. The sea trial condition is shown in
Fig. 2. The parameters of longitudinal, heading and
depth control are as follows. K, =100, k,, =1.2, k,, =
0.6; K, =500, k,, =0.6, ks =0.3; K; =100, k,; =3.0,

kyy, = 1.5, R, = 10, g,=1.5. It should be made clear
that no significant adjustment is carried out at the time
of high-speed (>0.8 m/s) AUV motion. For this
reason , the influence of the longitudinal velocity is not
taken into account in depth control, but considerations
are given to the influence of residual buoyancy on the

AUV.

Fig.2 Experiment area for sea trial

Figs. 3 and 4 respectively show the results of
heading control and depth control at the time of high-
speed (here 1.0 m/s) motion with traditional S-plane
controller and the novel S-plane controller proposed in
this study. In Fig. 3, the control results of traditional
S-plane controller are shown in Fig. 3 (a) while the
results of the novel S-plane controller are shown in
Figs. 3(b) and 3(c). As it is suggested in Fig. 3,
buffeting begins as the motion speed gets closer to
0.8 m/s with the maximum deviation almost 27" . The
controller is almost out of control. The instability in
heading control, in turn, makes it difficult to achieve
the expected longitudinal velocity. With the novel
S-plane controller, heading control presents a deviation
within + 3" and in the meantime, the motion speed is
within the preset scope. Fig. 4 gives the contrast in
depth control of the two controllers. With in 50-100
control periods ( every 1 s), there is significant
overshoot in depth control with the traditional S-plane
controller. It is because the traditional S-plane
controller eliminates the influence of residual buoyancy
by way of continuous accumulation. In this period of

.62 -

time, however, the integration has become saturated.
In contrast, the novel S-plane controller has taken the
influence of residual buoyancy into account. Therefore,
its control effect is greatly superior to that of the
traditional S-plane controller.

120
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80 |
70 I I I 1 I
0 50 100 150 200 250 300
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(a) Heading control result of traditional S-plane

120

Actual heading
...... Target heading

Heading( ©)

— Actual heading
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(b) Heading control result of novel S-plane controller

1.2
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0.4

0 | |
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(c) Depth control result of novel S-plane controller

Longitudinal velocity(m/s)

Fig.3 Contrast of heading control result at time of
high-speed motion

6.0
"""" Novel S-plane control
T 55 Traditional S-plane control
£
2 50
Q .
4.5 .

150 200 250 300 350 400
1(s)

0 50 100

Fig.4 Contrast of depth control result

Fig. 5 shows the test results of an 80 km long-
distance travel in sea trial. Fig. 5 (a) shows the
latitude and longitude data that is calculated by the
navigation system. Fig. 5 (b) provides the heading
angle data, and the depth information is shown in Fig.
5(¢). The 10~hour travel includes three parts, namely
departure, parallelogram route of 2 km * 15 km and
return. The velocity control is conducted during the
long-distance travel while position control is carried out
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in the close range. For the departure and return, the
target depth is 0.5 m for the safety of the AUV. During
the long-distance travel, however, the target depth is
2.0 m and the AUV must come to the surface on a
regular basis for GPS calibration and underwater
navigation error correction. As it is suggested in Fig. 5,
the motion control is quite satisfying on the whole.
Nevertheless, the current is torrential in some areas
since the test is conducted in the open sea. This
challenges the AUV’s ability, which accounts for the
deviation between the actual route and the target route.
Also, the changes of seabed topography and the
influence of vertical flow result in occasional failure of
some of the basic sensors such as Doppler velocity
logger. There exists a deviation of 0.5 m in the depth
control, but generally, the control precision can satisfy
the needs of long-distance travel in practice.
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Fig.5 Results of long distance navigation trial

6 Conclusions

Based on a thorough analysis of the mathematical
model of the AUV,

established on sliding mode control is proposed in this

a novel S-plane controller

study. The simple structure and easily adjustable
parameters of the traditional S-plane controller are kept
in the novel controller and improvements are made on
its weakness in integral saturation which is very likely
to happen. The difficulty in heading control and slow
vertical response at the time of high-speed motion is
solved. Also, the stability analysis of the novel S-plane
controller is carried out with Lyapunov function to
prove that the stability of the novel design can meet the
Thrust allocation method based on
constraints is introduced. Finally, the novel S-plane

requirements.

controller is applied to heading and depth control of
AUV-X with satisfying control effect achieved.

The novel S-plane controller established on sliding
mode control is developed with deep analysis of the
AUV motion model, but it is easy to realize since the
controller only requires preliminary knowledge of the
AUV model contents such as residual buoyancy and
restoring moment. There is significant coupling effect
among the degrees of freedom in the AUV operation,
which results in the control failure of traditional S-
plane controller at the time of high-speed motion. The
novel S-plane controller proposed in this study gives
considerations to the coupling influence of longitudinal
velocity on the other degrees of freedom and solves the
problem of control failure. It is open to further research
since the coupling effect among the other degrees of
freedom requires deeper studies.
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