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ABSTRACT

A robust control method is proposed for the steering and
diving control systems of autonomous underwater vehicles.
Heading angle and heave position tracking are achieved. All the
closed-loop poles in the sliding mode can be placed by using the
sliding mode and root locus techniques. Fuzzy logic technique
is further employed to effectively tune the control law. Pa-
rameter variation and external disturbance such as various ve-
hicle speeds and the ocean current effect are overcome.

I. INTRODUCTION

In recent years, underwater vehicles have been widely used
for inspecting the ocean. Underwater operations have become
deeper and underwater operation tasks have become more dif-
ficult and dangerous beyond what divers can possibly sustain.
While operating an unmanned underwater vehicle, correct po-
sitioning is important so that the vehicle can move along the
desired path as expected [4, 16]. Thus, equipped with a good
automatic control system, operators can then concentrate on
their work without having to worry about the position control.

Unmanned underwater vehicles are difficult to control and
can easily be affected during sailing by un-expected ocean
current. Various theories for the control of underwater vehicles
have been proposed in recent years such as intelligent control,
sliding mode control, adaptive control, and so on [2, 3, 5, 8, 10,
14, 18, 20]. In [2], the authors proposed an adaptive network
structure for a multivariable Sugeno style fuzzy inference
system to solve the problem of autonomous underwater vehicle
autopilot design. This method compared with a traditional
multi-input single-output control approach whereby control of
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each degree of freedom was considered separately. No proof
was made for solving the inherent cross-coupling between
autonomous underwater vehicle channel motions. In [10], a
one-layer neural-network controller with preprocessed input
signals was designed to control the vehicle track along the
desired position and attitude with the absence of unknown dis-
turbances and modeling errors. The paper presented the utili-
zation of a self-adaptive recurrent neuro-fuzzy control as a
feedforward controller and a proportional-plus-derivative con-
trol as a feedback controller for controlling an autonomous
underwater vehicle in an unstructured environment [18]. The
PD feedback controller computed the error torque to minimize
the system error along the desired trajectory. A systematic
self-adaptive learning algorithm, consisting of a mapping-
constrained agglomerative clustering algorithm for the structure
learning and a recursive recurrent learning algorithm for the
parameter learning, was developed to construct the recurrent
neuro-fuzzy system to model the inverse dynamics of an
autonomous underwater vehicle with fast learning convergence.

To deal with the parameter variation and external disturbance,
sliding mode control (SMC) has attracted a great deal of atten-
tion [4, 9, 14, 15, 19]. In the sliding mode, the SMC system
performs like an equivalent lower-dimensional system. Placing
all of the closed-loop poles is not easy. Some closed-loop poles
must inherently be located at the origin [6]. Control system
responses in the sliding mode, such as transient and steady state
responses, could not be easily specified.

In this paper, a robust underwater vehicle sliding mode con-
troller with fuzzy logic rules and root locus technique (FRSMC)
is proposed. The systems considered are assumed to be com-
pletely state controllable. The control law consists of a con-
tinuous nominal control part and a discontinuous switching
control part. The nominal part is determined using the nominal
values of the system parameters, while the switching part deals
with the parameter variations and disturbances. The well-known
root locus technique [11] is a graphical method convenient for
stability analysis and transient response design. It will be in-
corporated with the sliding mode control design to determine
the continuous nominal control input. Exploiting the root locus
technique in the design of sliding mode control makes possible
the complete pole assignment [7]. Further, the fuzzy logic
technique [1, 17] is employed to determine the discontinuous
control input. The control law is developed based on collecting
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Fig. 1. Rotation over heading angle yabout zo while w is fixed.
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Fig. 2. Rotation over pitch angle @about y, while v is fixed.

human knowledge and is to deal with uncertainties in the control
process.

In this study, application to the steering and diving control
systems of underwater vehicles is carried out. It will be shown
that system stability and robustness are achieved effectively.

II. SYSTEM DYNAMICS DESCRIPTION

Motion analysis in an underwater vehicle involves six de-
grees of freedom (DOF) as shown in Figs. 1-3 [4, 16]. Six in-
dependent coordinates are required to determine the position
and orientation of a three-dimensional rigid body. The first three
coordinates and their time derivatives correspond to the position
and translational motion along the x,-, y,-, and gz, -axes,
while the other three coordinates and their time derivatives are

used to describe the orientation and rotational motion along the
p-, q-, and r-axes. These six different motional components

roll /'

Fig. 3. Rotation over roll angle ¢ about x, while u is fixed.

are conveniently defined as: surge, sway, heave, roll, pitch and
yaw. Two non-interacting subsystems, steering and diving con-
trol systems, are considered.

The linearized dynamic equation for the steering control
system of the considered underwater vehicle is given as

v -0277 04n O v 0.12
F|=1-0.057 -0.54n O} r |+|—-0.15]0,
v 0 1 0y 0
-0.27n
~|~0.059 Vcsin(g—l//), (1)

0

where v is the sway velocity, r is the angular velocity in yaw,
v is the heading angle, and J, is the rudder deflection. The
variable 77 denotes the ratio of the longitudinal speed of the
vehicle to a reference speed, and is supposed to be ne [1, 3].

Additionally, suppose the speed of the unknown ocean current
can be represented as a sinusoidal function with amplitude of

V. and phase angle of %—l//. As seen in (1), it is obvious that

the parametric variation in the system matrix and external
multiplicative disturbances have great effect on the steering
system performance. The aim here is to find a suitable controller
such that the heading angle y tracks the desired path ¥, .
Next, a linearized diving system dynamics is considered. The
diving system involves the pitch and the heave controls. The
influence of the heave is assumed small and is omitted [5].
Therefore, the diving equations of motion include the pitch
angular velocity ¢, the pitch angle ¢, the heave position z, and
the stern plane deflection J,. The linearized diving system

dynamics is given as
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The variable 7 is the same as in (1). The maximum value of
the variation of the uncertain parameter Aq,; is assumed to be

0.1. The term d denotes the external disturbance due to model
imperfection and varying ocean current.

III. FRSMC DESIGN
In this section, a systematic design procedure of FRSMC for
the steering control system (1) is demonstrated. A similar pro-
cedure is carried out for the diving control system (2) in the next
section.

1. Sliding Function Definition

Let the steering control system (1) be represented in the
general form as

x=Ax+bd,. +w, (3a)

y=c'x, (3b)

wherex=[v r i, b=[0.12 -0.15 0], ¢=[0 0 1],
and w is the disturbance denoting the last term in (1). The
FRSMC control system structure is shown in Fig. 4. Since ro-
bustness is the concerned, the plant coefficient matrix is man-
agedtobe A=A, +AA, where ‘, ’ stands for the nominal part

and ‘A’ stands for the uncertain part. Select the nominal value

-054 08 O
of n tobe2,ie., A,=| —0.1 —1.08 O0].Then the nominal
0 1 0
transfer function of (3) can be  written as
—0.15(s+0.62
Gp(s) = ——0 106 +0:62) _ 2() . proMC design

s(s2 +1.625+0.6632)  p(s)

procedure involves two steps. First, the sliding function and the
nominal control are determined by incorporating the root locus

technique and the conventional SMC design. Second, the
switching control law is tuned to deal with the parametric un-
certainties and external disturbances by exploiting the fuzzy
logic rules.

Conventionally, the sliding function is defined as o =g’ x.

Once the control system enters the sliding mode, the linear
equivalent closed-loop system is obtained by setting ¢ to zero.
The resulting system matrix is

N Ty\—1 . T
Aeq :A_b(g b) g A. (4)

It is well known that one of the eigenvalues of Aeq in (4)

must be inevitably at the origin [17].

Placing all the closed-loop poles, not just a part of them, in
the sliding mode for the nominal system in (3a) is the objective
here. Let the heading angle error be e(t) = -y, . The goal is

to achieve e(e0) 0.

The sliding function is defined as
o=g" [X—Xd-ﬁ-ﬂj;e(’l’)d’[, 5)

where X, is the initial condition of x. The coefficient vector g

and the number A are chosen to satisfy the closed-loop pole
specification, and will be formulated later. In FRSMC, as de-
fined in (5), o is forced to be zero since the beginning. Thus,
the control system can reach sliding mode at once. The reaching
time is effectively reduced.

Referring to the linear equivalent control, setting & to zero,
the equivalent control input is obtained as

80y ==& D) (g Ax+ AW -y )+ W). (6)

Substituting (6) into system (3), the closed-loop state equation
turns out to be

x=A,x+b(g b) 'y, (7
where

A, =A-bED) g A+a). )

The closed-loop system poles in the sliding mode using
FRSMC are identical to the eigenvalues of Aeq in (8) while the

conventional SMC possesses the closed-loop system poles

identical to the eigenvalues of Aeq in (4).

Denote the characteristic polynomial of Aeq as p(s) and

zero polynomial of (3) as z(s). Since one pole appears at the

origin for the conventional SMC, we may define an equivalent
open-loop transfer function.

ka(s) _ k(s+2)(s+2,)(s+7)
p(s) s+ p)(s+py) s+ p,)

G(s) = €))
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where [ is the order of z(s), and n is the order of p(s).

Briefly speaking, with the selection of sliding function (5) for
system (3), the eigenvalues of Aeq in (8) are the same as the

closed-loop poles of a unity feedback system whose forward
transfer function is (9).

The aim here is to drive the control system to perform like a
standard second order system. Note that a stable control system
can be characterized by a pair of dominant poles if all other
poles are 10 times further to the left than the dominant poles in
the left half s-plane. The desired characteristics of transient and
steady state responses can be obtained if the pair of dominant
poles is appropriately chosen. The coefficient of the highest
order of s in z(s) is in fact not necessarily one, therefore, & is

not equal to k in general.

Without loss of generality, assume that n—1> /. In the case
of n—1<1, the prefiltering technique [8] can be utilized to
increase the relative degree and follows the same design pro-
cedure. The design procedure for the choice of p,,
i=1,2, ---,n—1, g and h for constructing the sliding func-

tion is organized as follows:

Step1.Let p,_;, p,_i_;» **° , P, bechosenequalto z;

i=1,2, ---,1, respectively.

Remark: The open-loop transfer function of steering control
~0.15k(s+0.62) _ k(s+0.62)
s(s+p)(s+py)  s(s+p)s+py)

Therefore, p, =0.62.

system is G(s)=

Step 2. After pole-zero cancellation, the open-loop transfer
function G(s) becomes

k

G, (s)= .
s(s+p)s+py)(s+p,y)

(10)

Let s=s, and s=s,, be the required pair of the complex
dominant poles according to the response specification. For
n—1=2, proceed to Step 3. For n—[23, place the poles - p,,
“ D3
poles to the left of the imaginary axis in the s -plane.

***, - P,_i_; atleast 10 times further than the dominant

Remark: The transfer function is G, (s) = after

s(s+pp)
pole-zero cancellation procedure. Suppose the desired damp-
ing ratio and natural frequency are 0.95 and 7, respectively.
Then, the desired dominant poles are s, =—6.65+ j2.18 and

S4y =—6.65— j2.18.

Step 3. Let the last un-specified pole —p, in Step 2 be de-
termined by satisfying the following condition: ZG,(s;;)
equals to (2g+1)z for k>0 and 2gx for k<0, g = 0,
+1,£2,---.

=—180" = p, =133.

Remark: £G, (S)|s=76A65+j2A18 =

Step 4. The gain constant k& can be determined by applying

. Then k can be obtained accordingly by di-

viding k with the coefficient of the highest order of s in z(s),

as seen in (30).

Remark: k=|s(s+13.3)] _ =489 , and hence

—6.65+2.18
k =48.9/(-0.15) =326
Step 5. Write p(s)=s"+a, ;s" "' +a, ,s" > +---+a,s and

det(sI-A,)=s"+a, ;s" ' +a, ,s" >+ -+a,s+a,. Define

p=I[4 a,-a, 11" , E:[b Ab Ag—lb] , and
a a, - a,; 1
a a - 1 0

D=| : ©i|. Then, g”in (7) can be deter-
a_, 1 0 0
1 0 0 O

mined by g’ =p’D'C".

Remark: p’ =[825 139 1]

[0 -6.66 —88.7].

, and hence g’ =

Step 6. Choose 4 in (7) tobe h=k(g'b)™".

Remark: For Case 1, h= Ig(gTb)_1 =-326.

In short, with closed-loop transfer function
Igz(s) C oA
T(s)=———=——, the open-loop pole polynomial p(s) and
P(s)+kz(s)

the corresponding control gain k can be chosen to place all the
closed-loop system poles. It is interesting to note that the
polynomial p(s), exactly the closed-loop polynomial of the

conventional sliding mode control, has inevitably one eigen-
value at the origin. The rest of eigenvalues of p(s) can be

placed by suitably selecting the vector g in (5).

2. FRSMC Control Law Formulation

The control law must satisfy the sliding condition, 06 <0 in
order that sliding mode exists and sustains. Since the vector g in

(5) is chosen such that gTb # 0 holds for all time, let the control
input consist of a linear control u, and a switching control u,,

ie.,

an

u=u,+ug,

where
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Table 1. The fuzzy sets of G, DG and DK.

G DG DK
B FL PB
(big) (fast leaving) (positive big)
M SL PM
(medium) (slow leaving) (positive medium)
S M PS
(small) (zero movement) (positive small)
Z SA
(zero) (slow approaching) ZE (zero)
FA NS
(fast approaching) (negative small)
NM
(negative medium)

u,=—(g"b) " (@ A x+y-Ay,) . (12)

u, = —‘gTb‘_l[Zn: x|+ a, + (xojsgn(gTb) sen(o) . (13)
i=1

The gain constants can be designed to be ¢; > sup‘(gTAA)i‘ ,
i=L2,-n, a, 2 sup‘gTW‘ , 0y 20, andsgn(¢)equals 1 for

¢>0and -1 for ¢ <0. The notations (g’ AA), and x; stand for

the ith element of g’ AA and x, respectively. It can be easily
verified that 6 <-¢,, foro >0 and ¢ > ¢, foroc <0
Referring to the control structure in Fig. 4, the equivalent
open-loop pole polynomial, p(s), can first be selected using
the root locus technique. The vector g can be determined to

place arbitrarily the eigenvalues of p(s), except one at the

origin. Then the gain constants, k and hence A= Ig(gTb) , can

be determined to place all the eigenvalues of the desired
closed-loop pole polynomial, d(s). Finally, with sliding func-
tion definition (5) and control laws (11)-(13), the control system
is guaranteed to reach and stay in the sliding mode.

Next, consider that the bounds of the parameter variations
and the external disturbances in (3) are not exactly known. The
control parameters ¢; and ¢,, may be not easily obtained. A
fuzzy-logic-based switching law is to modify the above
switching control component. Four principle components are
involved in the fuzzy logic system in FRSMC. They are fuzzi-
fication interface, fuzzy rule base, fuzzy inference machine, and
defuzzification interface.

Let G, DG and DK be linguistic variables representing two
process variables, |0'| and A|0'| , and one control variable, Ak,

respectively. The notations A|0'| and Ak are the incremental

changes of |0'| and k, respectively. The fuzzy rules are given in

> G
(normalized)

0 173 23 1

(a)
U

"

FL SL Z SA FA

» DG
(normalized)

-1 05 0 05 1

(b)

NM NS Z PS PM PB

» DK
-2/3 -1/3 0 1/3  2/3 1

(normalized)

(©)
Fig. 5. (a) The membership function for lol, (b) The membership
function for Alol, (c) The membership function for Ak(mT).

the form:
R;:IFGis X{ and DG is XJ THEN DKis ¥/,

where X lj and X 2/ are the fuzzy sets in the antecedent part,

and Y/ is the fuzzy set in the consequent part. The fuzzy sets of
G, DG, and DK are listed in Table 1.

The membership functions used in a fuzzy logic control are
usually parametric functions such as triangular functions,
trapezoidal functions, and bell-shaped functions (Gaussian
functions). In order to simplify the computer program, we
choose the triangular-shaped membership functions. The
membership functions of these two inputs variables and one
output variable are defined with triangular-shaped functions,
respectively, as shown in Fig. 5, where the universe of discourse
of each input and output is normalized over the interval [-1, 1].
The membership functions are equally distributed in the uni-
verse discourse. We use mainly the AND operation. The
evaluation of rule R; results in a minimum of My, and 4, It
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Table 2. The fuzzy rule base.

DG

FL SL M SA FA

1. G
B PB PM PM PM PS
M PB PM PM PS ZE
S PM PS PS 7E NS
Z PS PS ZE NS NM
1.e.,

! (14)

w’ =min XI/’ﬂXZj} s
where w/ is the degree of matching of each rule in the ante-
cedent part, My and 4, j are the membership grades of the

two distinct inputs in rule R;, respectively. Next, a fuzzy in-
ference engine is set up to perform the decision making logic.
Some of the fuzzy rules in the fuzzy rule base will be fired to
determine the weighted output of the fuzzy logic system. Using
the min-product-max inference method [12, 13] to obtain the
degree of consequence yields

(15)

J =yt
Y'=w '/uy/’

where /,; is the membership grade of the output in rule R;.

Let T be the sampling time and Ak(mT) be the crisp con-

troller output at the mth sample. The crisp output is obtained by
using the center of gravity defuzzification method as

N
ijYj
Ak(mT)=-""—
J

(16)

ZWJ

=1

where N is the number of rules, w” is the degree of matching of

each rule in the antecedent part, and Y/ represents the infer-
ence value in the consequent part of the fuzzy rule j. Conse-
quently, the switching control gain k(mT) is formulated as

k(mT) =k((m—1T)+ Ak(mT) . a7
Thus, the switching control gain is designed as
u, (mT) =—k(mT)sgn(g" b)sgn(o) . (18)

The principle of the fuzzy logic here can be briefly stated as
follows. If the system trajectory is far from the sliding surface,
then the switching control gain is increased to make the system

trajectory move faster toward the sliding surface. Alternatively,
if the system trajectory is near the vicinity of the sliding surface,
a small switching control gain is needed, and thus the control
gain is decreased.

IV. NUMERICAL RESULT

1. FRSMC for Steering Control System

The dynamic equation for the steering control system (1) is
considered. The desired output path is assigned as follows:

4
in(= <t<
= 0.785 sm(35 t+1.57)+0.785, for 0<¢<35, (19)
057, for ¢>35.

Selecting properly the dominant pole positions is important.
Note that overshoot is a function of the damping ratio and will
get smaller when the damping ratio is closer to 1. In addition,
the response speed is a function of the natural undamped fre-
quency and will get faster if the natural undamped frequency
gets larger. Here, the damping ratio is selected to be 0.95 and the
natural undamped frequency is selected to be 7. The equivalent
open-loop transfer function, G(s) , is given (7 =2) as

K(s+0.62)
s(s+ pp(s+ py) .

—0.15k(s +0.62) _

G(s) =
® p(s)

(20)

Following the design procedure described in Step 1 to Step 6,
choose p, =0.62, p, =13.3, and k =-326. For the desired
dominant pole positions been specified at —6.65% j2.18 ,

g=[0 —-6.66 —88.7]" and A=-326. Consequently, the

sliding function can be obtained as
o=[0 -6.66 —88.7](x—x0)—326.f;(y—yd)dz'. 21

Combining the fuzzy logic rules yields the control input as

u=[-0.66 81.5 0]x+326(y—y,)—k(mT)sgn(c). (22)

The discontinuous switching control input is determined using
fuzzy logic control. The fuzzy rules are tabulated in Table 2.
Control rules in Table 2 are developed from the following
concept: if the state trajectories are far away (or moving away)
from the intersection of the sliding surfaces, then the amplitude
of the discontinuous control gain should be large; on the con-
trary, the control gain is decreased when the state trajectories are
near (or approaching) the intersection of the sliding surfaces.
The membership functions of these two input variables and one
output variable are shown in Fig. 5. Using the min-min-max
inference method and the center of gravity method, the incre-
mental change of the discontinuous control gain Ak(mT) and
k(mT)=k((m—=1)T)+ Ak(mT) is obtained.

Figures 6 to 9 show the steering control system response. As

shown in Fig. 6, the underwater vehicle can always track the
expected heading angle path without being affected by the
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heading angle (rad)
o
[e:]

0 . . . .
0 10 20 30 40 50

time (sec)

Fig. 6. The heading angle yin steering.

o
3

o
~

sway velocity (m/sec)
o o o o
- o - N w

S
[N

S
w
o

10 20 30 40 50
time (sec)

Fig. 7. The sway velocity v in steering.

ocean currents and various longitudinal speeds. It takes only 35
seconds to turn the heading angle 7 from 0 to 1.57 rad without

any output overshoot and the steady-state error is near zero. As
seen in Figs. 7 and 8, the surge velocity and the yaw angular
velocity are asymptotically stable no matter when the un-
derwater vehicle is running at low or high speed. The FRSMC
demonstrates its remarkable tracking robustness. For the control
input, as shown in Fig. 9, more control effort is needed for the
underwater vehicle traveling at high speed to have the same
performance as traveling at low speed. It is also noted that, in
order to have a satisfactory performance when making a course
control, the underwater vehicle should not travel too fast in
order to ensure that rudder deflection is controlled within a
reasonable range.

2. FRSMC for Diving Control System

Let the diving control system (2) be represented in the general
form as

x=Ax+bd, +w, (23a)

o
8

o

o

<
T

o o o o o
8 8 ® & 8

yaw angular velocity (rad/sec)

o
2
T

o

o
2

time (sec)

Fig. 8. The yaw angular velocity r in steering.

0.1

control input (rad)

10 20 30 40 50
time (sec)

Fig. 9. The control input J, in steering.

y=c'x, (23b)

2", b=[0.035 0 0], e=[0 O 1T,
and w is the disturbance denoting the last term in (2). The
-07 -03 O
nominal plant coefficient matrix is A, =| 1 0 0
0 -3.6064 0
for 7=2. The nominal transfer function of diving control
—0.12824
s(s>+0.75+0.3)

where x=[q 6

_ 209
p(s)

. The initial value

system is Gp(s) =

of the state variable is assumed to be x,, = [0 0 O]T .

Let the second order reference model has damping ratio of
0.9 and natural undamped frequency of 0.5 rad/s. Hence, the
desired dominant pole positions are specified at —0.45% ;j0.217.
Referring to Section 3.1, the sliding function is defined by the
following steps:

Step 1. The open-loop transfer function of diving control
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0 20 40 60 80
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Fig. 10. The heave position (output) z in diving.

: ~0.128k k
system is G(s)= =
s(s+p)(s+py)  s(s+p)s+py)
control system does not possess any zero, so we need not choose

any pole to cancel the zero.

. This

k
s(s+p(s+py) .
Suppose the desired damping ratio and natural frequency are 0.9
and 0.5, respectively. Then, the desired dominant poles are
541 =—0.45+ j0.217 and s,, =—0.45- j0.217. Because this
diving control system has three poles, let the third pole
-p, =—4.5, which is 10 times further to the left than the

Step 2. The transfer function is G,(s) =

specified dominant poles in the LHS of s -plane.

Step 3. Applying ZG, (s)|S:_O_45+jO>2]7 =-180", the last
un-specified pole —p; is found to be —0.96 .

Step 4. The gain constants are
k=[s(s+4.5)(s+0.92)[ 1o o, =114 and

A

k=1.14/(-0.128) =-8.89.

Step 5. Choose p’ =[432 546 1] and

g’ =[28.6 156 -34.0].
Step 6. Apply h=k(g"bh)™' =-8.89.
Consequently, the resulting sliding function is
o=[28.6 156 —34.0](x—x0)—8.89.[;(y -y, dt. (24)

Suppose the desired output path y, is

53sin(Z-1+1.57)+53,  for
v, = 55 (25)

10.6, for

Applying the design procedure in previous section yields

pitch angle (rad)

5 . . I I .
0 20 40 60 80 100 120

time (sec)

Fig. 11. The pitch angle @ in diving.

0.02

pitch angular velocity (rad/sec)

-0 N -
N - -
—n
012 . . . T
0 20 40 60 80 100 120
time (sec)

L
W=

Fig. 12. The pitch angular velocity ¢ in diving.

u=[-136 —116 0]x+8.89(y—y,) —k(mT)sgn(c) . (26)

Figures 10 to 14 show the diving control system responses.
Figure 10 shows the output response for the underwater vehicle
diving 10.6 m. The FRSMC controller allows the underwater
vehicle to dive smoothly and possess strong stability and ro-
bustness. Referring to Fig. 11, the underwater vehicle is tilted no
more than 0.035 rad or 0.105 rad to accomplish the required
tracking performance when traveling at a high or low speed,
respectively. Hence, in order to reach the required diving depth
as fast as possible, the underwater vehicle should travel at a
higher speed. Fig. 12 shows the pitch angular velocity that tends
to vanish after the diving task is completed. The control input,
stern plane deflection, needs less effort when traveling at a high
speed as shown in Fig. 13. When an external bounded distur-
bance occurs, as shown in Fig. 14, system robustness is main-
tained. The heave position performance and the pitch angle are
robust against the external disturbance. The control activity
demonstrates the disturbance rejection effort that leads to a
smooth heave position tracking. Moreover, applying the
boundary layer technique, the system chattering problem is
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control input (rad)
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Fig. 13. The control input ¢ in diving.

disturbance

04 . . . . .
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Fig. 14. The bounded external disturbance d(¢).

greatly eliminated.

In summary, as indicated in the above simulation results,
though the pole-zero cancellation was not exactly executed for
all various 77, the proposed FRSMC is successfully applied to

the underwater vehicle control systems and provides strongly
robust system performance. Comparing with [2, 10, 18], the
proposed controller focuses on sliding mode control which can
place all the closed-loop poles in the sliding mode by using the
sliding mode and root locus techniques. The fuzzy logic tech-
nique is employed to determine the discontinuous control input
gain to reduce the input chattering. This paper presents the
advantage of integrating the sliding mode control, root locus
techniques, and fuzzy logic technique. In [2, 10, 18], these
papers used the intelligent control to control the underwater
vehicle and the intelligent control is the main controller. Those
methods focused on deigning intelligent controller to obtain
good performance. In this paper, the fuzzy logic is used to re-
duce the input chattering to support sliding mode control.

V. CONCLUSION

In this paper, a robust sliding mode control with root locus

technique and fuzzy logic rules is successfully developed. Root
locus technique has made possible a complete pole assignment
that conventional sliding mode control could not accomplish.
The control system is able to follow a standard second order
reference model. Thus, steady state and transient response can
be assigned. The fuzzy logic rules guarantees the robustness
against parameter variations and external disturbance. The main
advantages of the proposed FRSMC are: (1) control system
possesses strong robustness, (2) steady-state error can be ef-
fectively eliminated, and (3) all closed-loop poles in the sliding
mode can be freely allocated as long as the system is completely
controllable. Future work is the extension of this work to
multi-input multi-output systems.
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