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ABSTRACT In the context of failure control of servo system driven by twin motors, there are still no available
results to compensate unknown actuator failures which seem inevitable in practice by adaptive backstepping
technique. Therefore, to rise the reliability of the system, we aim at addressing such a problem by proposing
an adaptive robust actuator failure compensation control scheme based on backstepping technique for servo
system driven by twin motors. Unlike the traditional backstepping, the estimation of unknown coefficient
of intermediate state variable is introduced in coordinate changes. In addition, matching and non-matching
uncertainties have been fully considered in the controller design. Simulation results show that the designed

controller can ensure the boundedness of all the signals no matter actuator failures occur or not.

INDEX TERMS Servo system, adaptive control, twin motors, actuator failure.

I. INTRODUCTION

The servo system has been widely used in many fields
including industry, military and vehicle [1] etc. To get higher
movement performances, servo system driven by twin motors
is usually used and the performance of such a servo sys-
tem has been received extensive attention [2]-[4]. Unknown
nonlinearities in input signal such as backlash and dead
zone are deeply studied [4]. It is clear that the purpose
is to eliminate their influences and to rise the controlled
performance.

Besides improving the performance of the system under
partial control information missing [5], [6], more and more
attention has been paid to the problem of system reliability
including the studies on fault detect, fault tolerant control
etc [7]-[17]. Actuator failure is an common fault and seems
inevitable in practice control systems. Such failures which
may lead to instability or even catastrophic accidents are
often uncertain in time, value and pattern. The reliable control
becomes more difficult under such unknown actuator fail-
ures. To address this problem, several schemes have been
proposed in recent twenty years. Compared to other meth-
ods, an adaptive approach [7]-[14] can handle system para-
metric uncertainties by online estimating unknown parame-
ters with update laws. As a promising approach, backstep-
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ping technique [8]-[10] and [18]-[20] has been widely used
in the controller design of a class of nonlinear systems.
In [8]-[10], backstepping technique is used in the design of
adaptive failure compensation scheme for a class of nonlinear
systems. Transient performance was guaranteed by using pre-
scribed performance bound in [8] while backlash hysteresis
existing in practice of actuator failure systems was studied
deeply in [9]. In [10], an important result which removes
the assumption on finite failure number was established.
However, in the context of the failure control of servo system
driven by twin motors [2], there is still no results available
based on adaptive approaches. In this note, we aim to address
such a problem and propose an adaptive failure compensation
control scheme technique for servo system driven by twin
motors. Clearly, unknown parameter a = IJ(—LL of x3 in (8)
makes traditional backstepping technique become incapable
in the design of adaptive controller. Our idea is to introduce
the estimation of ¥ = % in the virtual control design and the
coordinate changes (14). And then, we use proj to guarantee
this estimation ¥ being bounded. To compensate the effects
caused by matching and non-matching uncertainties w; and
w2, the property of inequality about tanh(-) is used. Finally,
an adaptive robust compensation control scheme is proposed
and all uncertainties caused by unknown parameters, match-
ing and non-matching terms and unknown actuator failures

can be compensated successfully.
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FIGURE 1. Structure of the servo system driven by twin motors.

The main contributions of this paper are as follows:
(1) The control problem is investigated for servo system
driven by twin motros with unknown parameters, matching
and non-matching uncertainties, unknown actuator failures.
(2) In addition, we use inequality of fanh(-) to handle the
effects caused by matching and non-matching uncertainties.
(3) Moreover, unlike the traditional backstepping technique
the estimation of ¥ = % is introduced in coordinate changes
to compensate unknown parameter a as the coefficient of x3.
It is shown that the proposed adaptive robust controller can
ensure the boundedness of all the signals of the closed loop
whether or not actuator failures occur.

The rest of the paper is organized as follows. In section 2,
we formulate the servo system driven by twin motors with
unknown actuator failures. An robust adaptive control scheme
and the main results about stability are proposed in section 3.
The simulation studies is given in section 4. Finally, the paper
is concluded in section 5.

Il. MODELS AND PROBLEM STATEMENT

We consider the servo system driven by twin motors [2]
shown in Figs.1. The mathematical model can be described
as follows

OL(t) = wp(D); (1) = wj(t)
K (01(t) — 61.(1)) + K. (02(1) — 61.(1))
7, +w
Krjui(t) + Kp(0;(t) — 0,.(1))
I

1(®)

wr(t) =

wj(t) = + wo;i(?) (H
where 0 (¢), wr(t), J1,, K, are angle position, angular veloc-
ity, moment of inertia from load transformed into motor side,
stiffness coefficient of transmission mechanism, respectively.
The effect caused by load is not directly shown in above
system model (1). Instead, it has been considered in param-
eters 0(1), wr(¢), Jp. Parameters 0;(¢), w;(t), Jmj, Krj, u;j(t)

(G = 1,2) are angle position, angular velocity, moment
of inertia, electromagnetic torque coefficient and control
signal of jth motor, respectively. wi(?), wpi(t)j = 1,2)

are unknown nonlinear modeling errors and denote match-
ing, non-matching uncertainties. The effects generated by
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reducers and the backlash caused by gears are ignored in the
establishment of the mathematical model of the servo system
driven by twin motors shown in Figs.1. So the mathematical
model (1) is an ideal model.

In order to simplify system model, we let

X1 = 0L(1); x2 = wp(t)
x3; = 0;(t); x45 = w;(t) ()
Then we have
X1 = X2; X35 = Xy
K (x31 — x1) + Kp(x32 — x1)

X = 7, +wi(®)

Krjuj(t) + Kp(x3 — x1)
Jimj

To obtain the strict feedback structure, letting

fuj = + waj(t) 3)

X3 = x31 + Xx32

X4 = X41 + X42 4)
Then we have
).Cl = X2
K — 2K

Jr
X3 = X4
. Krjui(t) + Kp(x3; — x1)
= + w(1) )

mj

All interior parameters of these twin motors are the same.
Namely, K71 = K12, Ji1 = Jm2- Then we have

)'Cl = X2
. K;x3 — 2K x
Xy = % + wi(t)
L
X3 = X4
. Krjuj(t) + K (x3; — x1)
By = + w(1) (6)
mj
Letting
Kr Kr Krj
a=—, bh=— p=— ©)
JL Jm' Jm]

System model can be rewritten as
x| =x
Xy = axz — 2ax] + wi (1)
X3 = x4
X4 = pui(t) + puz(t) + boxz — 2baxy +wo(t)  (8)

where wy(t) = woi(¢) + wao(r). We let 2a = by and
b= (b, bz)T, then

X =X

Xy = ax3z + (b1, by) <—6Cl) +wi(?)

X3 = X4
2 0

ks =p Y uit)+ (b1, by) <x3 - 2x1) +wa®)  (9)
j=1
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Namely,
)'Cl = X2
% = axz + b fi(x1) + wi(t)
X3 = x4

2
P> ui(t)+ b faxi.x3) +wa(t)  (10)
j=1

X4

where known function

—x1\ . _ 0
f1=< 0 ) f4—<x3_2x1>

Remark 1: The following difficults exist in the controller
design.

o The unknown parameter ¥ = 1/a will be estimated to
handle the unknown parameter a in term ax3. In addition
b1 = 2a s also estimated by designing an adaptive oper-
ator in the proposed adaptive control law to compensate
the unknown effect caused by 2ax;.

o Compare to common triangular system, there is a
nonzero coefficient composed by multiple parame-
ter a in front of system state x3 in the second
state differential equation. Such an unknown param-
eter makes the controller design become more and
more difficult and traditional backstepping becomes
unavailable. We will eliminate the effect of this
unknown parameters by designing an adaptive estima-
tor of é and introduce this estimator in the proposed
controller.

As we all know, actuator failure is inevitable in the servo sys-
tem driven by motors. Such as aging of electrical components
and traction loss from input to output always exist. Similar to
[8]- [10], failure of the jth actuator at time instant z; can be
modeled as follows

uj = ojvj+uj, (V1 = ty)
ojit; = 0 )

where o, u;, tjy are unknown constants and 0 < o; < 1.
The signal vj; is the input of the j — th actuator. An actuator
with its input equal to its output, i.e. u; = v; is regarded
as a failure-free actuator. Easily, we can get the following
situations:
e 0; = 1,
It indicates u; = v;. The jth actuator works normally.
e 0<oj <1,
It indicates u; = ojv;. The jth actuator is called partial
loss of effectiveness.
e 0; = O,
It indicates u; = u;. The ith actuator is called total loss
of effectiveness.

oj, uj are unknown and can be seen as the time-dependent
jump parameters. A specific failure corresponds to a group
of values of 0}, u;. With the failure model givenin (11), system
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(10) can be rewritten as

)'Cl = X2
X = axs + b fi(x1, x2) + wi(r)
X3 = X4

2
p Y (o + i) + b fa(x1, x2, X3, x4) + wa(t)  (12)
j=1

X4

To design the adaptive control law, the following assumptions
are made.

Assumption 1: There is at least one actuator being not
total loss of effectiveness. Any actuator can change only
from normal to partial failure or total failure and only fails
once.

From Assumption 1, we know that there is a finite time
instant 7y and no new failure will occur after 7.

Assumption 2: Unknown parameters p, a, b lie in a known
bounded set, respectively and these bounded sets don’t
include zero.

From (7) and the actual meanings of parameters
Ky, Jr, Jimj, K73, the sign of a, b, p are known.

Assumption 3: Unknown nonlinear function wy(z), wa(t)
are satisfied in the following bounded conditions

wi(®)] < 81(x1,x2);  [wa(@®)| < 82(x1, X2, x3,x4) (13)

where §1(x1, x2), 82(x1, X2, X3, x4) are known functions.
Assumption 4: Reference signal y,(f) and its i-order
(i=1,2,...,4) derivatives are known and bounded.

Ill. DESIGN OF EVENT-TRIGGER CONTROLLER

The control objective is to design a robust adaptive fail-
ure compensation control scheme to guarantee all signals
bounded under any failure of actuators and to realize the
output signal y = x1 tracking to the reference signal y, effec-
tively. To obtain a suitable control law and update laws for
controller parameters based on the backstepping approach,
we first make the following coordinate changes

1 = X1 — Y
1.
2 =x —a —y;
N 5
23 =x3—z9az—y§),

4 = X4 — 03 — y£3) (14)

where 77 is tracking error and o;(i = 1, 2, 3) is virtual control.
# is the estimation of parameter ¥ = é Virtual control
«; is an actively constructed control variable. In step i, our
objective is to design a virtual control law «;_; which makes
z; tends to zero. Then we will give the recursive design steps
by backstepping approaches.

Remark 2: Different from the general lower triangular
system whose controller can be designed by using back-
stepping, an unknown parameter a as the coefficient of x3
exists. Thus the traditional backstepping can not be used for
the controller design. To solve this problem, an estimation
of ¥ = 1/a is introduced in coordinate changes. Then the
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uncertainty caused by unknown parameter coefficient a can
be compensated and backstepping technique can be carried
out.

Step 1: From system model (12) and coordinate transfor-
mation (14), we have

(1)

Zl = xl - yr
=y
=22+0a] (15)
Considering the following Lyapunov function
1
Vi = zz% (16)

The derivative of Lyapunov function is
Vi =z
= z1(z2 + 1) (17)
Virtual control «; can be chosen as
o = —ciz1 (18)
where ¢ is a positive constant. Then we have
Vi = —qz% +z122 (19)

Step 2: From system model, we know that the derivative of
2218

2 =X —a —)’52)

= ax3 + b fi(x1, x2) +wi(t) —d —yP  (20)

Clearly, we know «; is dependent on variables x; and y;.
So we can get

2 = axs + b fi(x1, x2) + wi(t)
fot 5 4 0y o)

—(—xl E
= ax3 + b fi(x1, x2) + wi (1)
0o 3051
_(_ (1)) (2)
3y
= a(z3 + Doy + y) + BT fi(x1, x2) + wi (1)
0oy 8051
_(_ (1)) (2) 1)
With (14) we can get
2 = azz + aday + ay® + b fi(xr, x2) + wi(t)
_(%XZ 30[1 (1)) (2) (22)

Ay

Note that % = ¢ — 19 then af?ocz =a(® — 19)052 = —aﬁaz
2 =a3+ay — az‘}az + ay(z) + bel(xl, x2) + wi(t)
_(% 2“1y<r1) xe)

Considering the following Lyapunov function

lal <5 1 5,  lop gz
sy 2B (24
or, ) Top, TR b Y

(23)

12
V2:VI+EZ2+

VOLUME 9, 2021

where a is the estimation of parameter a and b is the estima-
tion of parameter b. & = a—a and b = b—b denote estimation
errors. 'y, ', are positive constants and I'p is a positive
definite design matrix. With (19) and (23), the derivative of
Vs is

lal 22 1

Vo=~ +azn + 2 — — 00 — —aa—b'T,'h
Ty Ly

= —C]Zl +un+22 (azg + oy — aday + ay(z)

[od do
+be1(x1,x2)+W1(t)—(—1xZ+ 1 (1))
dxy ayy
—y(2)> - Mﬁf? - LZI& 5Tt (25)
" Iy r, b

Choosing a» as
@ — b fix1, x2)
—) +y?

w0 = —c2zp — 21 — Ayt
30[1 Jo

Hopt

ayr
S1(x, x
—81(x1, xz)tanh(M) (26)
&1
where c; is a positive constant. So we have

2
Vy = — Z izt 4 aznzz — abarz
i=1
= () 2T
+ay,”z2 + b’ filx1, x2)z22 + wi(t)z2
81(x1, x2)22

—31(X1,X2)zztanh(8—)
1
~ A 1 - X
g Laa - p'r, b
Fz? Fa

< - Z ciz} + aznzz — abarzy + ayPz
i=1

+b fi(x1, x2)z2 + [wi(0)z2]

8 )
—51(X1,Xz)zztanh(@)
1
~ A 1
sy Laa L
Ty T,
2

| /\

Z ,z + azazz + |81(x1, x2)22]

S81(x1,x2)z
—81(x1,x2)22tanh(%)
1
lal ~

_ _19(19 + sign(a)T'p z202)

1 o
—F—aa(a —ToyP2)

—b"T, (b — Tufix1, 1)) 27)
Note that the following properties of function tanh(-)
0=Ixl—-

yianh(X) < 02785 (Ve > 0)  (28)
£

Well, as we know, all continuous approximate functions of
sign(-) have similar property, for example sg(-) in [21]. With
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(28), we can get

81(x1, x2)22
€1

|81(x1, x2)z2] — 81(x1, X2)22 tanh( ) < 0.2785¢

Then we have
2 la| ~
V)< — Z;Cizz‘z + azz3 4+ 0.2785¢; — F_ﬂ(ﬁ -1)
=
1 . -
_F_gl(a — % — bTFb”(b —0) (29
a

where

T = —sign(@)T'yza2

R

o = Tufita, )2 (30)
Step 3: The derivative of z3 is

73 = i3 — Dag — Dy — y)

3)

=ztaz+yd - 19062 — Bdp —

o
=74+ a3 — 19052 — ﬁ(z —le

+ z+ ) + b
Z (l) r ab 8
A 30[2 80[2
=zu+ta3—vay — ﬂ(—x + —(ax3
x| 0x2

o2
+wi(t) + b f](xl x2)) + Z ! (z) £l+1)

i=0
80[2 A 30[2 I
) 31
ab 24 58
Considering the following Lyapunov function
1,
Vi=Vy+ =273 (32)

2
The derivative of V3 is

2
Vs < =) izl +azz +0.2785 — 'F—|19(19 — )

i=1

1 .. ~ 1A .
—gaa =) =BT — )t (33)

a

Following we analyze the term 7323

. A dan dop
2323 = 23| 24 + a3 — Dap — 9(—)62 + —(ax3
0xq 0x
da YD
+b7 fi(x1, x2) + wi (@) + Z o
4
dap x  dao ;
p 2025 % a)) (34)
b da
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Then a3 can be chosen as

dory 002 (i)
o3 = —c3z3 —azp + z?(a—xz + Z y(’) y, )

n dorn
+z9—<ax3 + BT fi(x1, x2)) + 198—815

LY 81(x1, X2, X3)23

+0 —— 1§ — 81(x1, x2, X3)tanh(———="272)
da £
+7) s
where
_ ~ 0002
81(x1, x2, x3) = [ —w1(1)] (35)
0x2

Remark 3: We will use proj(-) to guarantee 5 being
bounded. So above bound function §; (x1, x2, x3) can be found
easily.

With (33)-(35), we have

3 .
V3 < — Z cl‘z,»2 +azz — (5 - 12’9)01213 + 2324
i=1

1
+0.2785¢; — ul?(z‘} —)— F—a(a —0)
a

day ~
—BTT b — 1) — Dy (as + BT f)
dxn

~doy A ~dan oz -
— ) — B —z3(a — §) + 12381
da
- S X1, X2, X3)Z
—2361(x1, X2, x3)tanh(%) (36)
2

Then

3 .
Vi3 < — Zciziz — - oz + 232
i=1
lal ~ 9
+0.2785(e1 + &) — r—l?(l? —-17)
?
1. .
——a@—tf) - bTrb—l(b —th)
Ly

A Oan . =T -
—1z3 g(axg + b filx1, x2)) + azaz3
2

_Tz)_ Z3(a_1'2)

- - 12'9)0126 + 2324

3
= —ZCiZiZ
lal -

+0.2785(e1 + £2) — —19(19 — )

~ 00tp
)) — a(a -1 —Tu2z3
da Iy
da b
A2y 2xs) — -17)

0x2
—B5'T b — 1 +rbz9za—f1(x1,x2>) (37)

VOLUME 9, 2021



J. Wan et al.: Adaptive Robust Failure Compensation Control for Servo System Driven by Twin Motors

IEEE Access

where
=
a a 5 0o
) =1 +Ta22z3 —Ta¥z3—x3
0xo
~ 00
= 1) — [ydz3—f1(x1, x2) (38)
0x2
So we have

3
V3 <-— ch'ziz — (¥ — 1))aazs + 2324
i=1

+0.2785(e1 + £2) — uﬁ(ﬁ -

~ 00n 1
- —= 07 zz(a—t )—F—a&(&—rza)

8 —tz)—bTFb (b—rz) (39)

Step 4: The derivative of z4 is
2=y — a3 — P

2
=p Z(GjVj + ) + b’ fax1, x2, 63, X4)
J=1

+wa(t) — a3 — yiY (40)
The derivative of a3 is
) das
az = a—xlm + —(CDC3 + b fix1, x2) + wi (1)
da3 a3 (l+1) das &
T T Z oA
das ; 3 X
sl O? 41
da b

Different from traditional backstepping technique, in the
following we will give the control law and adaptive update
laws of unknown parameters. Similar to [7]-[9], the structure
of adaptive failure compensation controller can be written as

vj = sign(,o)/cTw

where « is a desired parametric vector and @ is a known
vector. Both are 3 dimensional vectors. They can be described
as

T. T
Kk = (K1, K21, K22)" ; = (w1, @21, @22) 42)

Because « is unknown, it can not be directly used in the
v; design. Instead, we use its estimation to generate the input
signal v;. Then we can get

Control Laws:

v = sign(p)k! @ (43)

where i« be its estimation. Let 7} is the time instant of actuator
failure occurrence and set Q;r denotes the actuators of total
failure in interval (T;, Tjx11G =0, 1, --- ,f) and Qir UQir =
1,2. Let Ty = +o0 and Ty = 0. In time interval (Tp, T1], all
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actuators work normally. In interval (73, Ti+1], vectors k and
@ should be chosen to satisfy

Z pojv; = o — Z puj, 1€ (T, Titi1] (44)
JjeQir Jjelir

By fixing @ as

T =a; w=1(G=1,2) 45)
k can be chosen as
1
Kl = ———; K2j = (] € QIT)
> Iploj Z Iplal
Jj€Qir Jj€Qir
k=0, (el (46)

o can be regarded as the virtual control signal in this step and
chosen as
das

da3
s+ + —n+—x

o= —c474 —
31 33

oo oo
+ Z : y(’“) + 3be1 + —X3a —b'fy

u
8 0 0
By g | B, | Doy
89 da ab
- 8a(x1, x2, X3,
—82(x1, X2, X3, X4)tanh( 201, . 43 X4)Z4)
€3
das A~ 003 (0%}
+3(Tpfa — Fb—fl) B 23— Bl x3 223 (47)
dxp ~ da
where
_ das
8a(x1, X2, X3, X4) = [wa(t) — a—xzwl(f)l (48)

and update laws are

2 b b b, 3 da3
b = proj(z3); 13 = 1) + 0 (Upfazs — Fba_x2f1Z4)
~ _ 0a
o= proj(t3); 4 =15 — ﬁI‘a—3x3z4
dxo
19 = proj(rf); 13’9 = rg
k = —Tewzg — il (K — ko) (49)

where I’ is a positive definite matrix. /, is a positive con-
stant and g is a constant vector. proj(-) denotes a projection
operator. It can guarantee that the estimations b,a, 0 are
all bounded. We choose Lyapunov function in time interval

(Ti, Tiv1]

1, gjlel 1.
V:V3+§Z4+ZTK r-'z (50)
JeQir
where £ = « — k. [, is a positive definite matrix. The

derivative of V is

3
Y 2
V< —Zc,'zi -

+sz>—uz9w— )~ 9

& — )23 + 2324 + 0.2785(¢

L7 a
= a—T
34 Z3( 2)
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1 ~ A ~ 30[2 A b
——a(a—tv)—0—z53(b—1,)
r, 2 b 2
. 2
S R (p > (o + i)
j=1
+b7 fy(x1, x2, X3, X4) 4+ wa(t) — yP

80[3 80(3
——xp — —(ax3 + b fi(x1, x2)
3)61 8
%) 0oz ; 1 0oz &
Awi) — ——xa — Y —= )W - =25
dx3 ; ay" )
daz;  daz i ajlpl .1z
“ad T ) - L TR 6D
JeQir
Note that
o Z(a]v] +uy) = Z pojv; + Z o
je0ir JEQir

With (45), we have

2
pY (o +i) =a

J=1

Then with virtual control « given in (48), we have

4
V=< —Zcz'zl-z—

(b — ©)azs + 0.2785(e1 + &2

|lal - L a
+e3) — _79(79 - ) - 198—&&(61 — (7
A 30[3 ~ A das
_ﬁra_8x2 X3Z4)) - F_aa(a - (7:2 19F 8—2)63

~doy A PR
— 00—z — T —I'py—=
24)) Y z3(b — (zy + 9 (Tpfaza — T'p axzfl

—r 1A A doz
24))) — bTr,, Yb — (28 4+ D (Tifaza — Lo

80{3 2 A~
—) - ¥z4(a — (8 — 0T,

duz 03 A PR
5 z) — EZM) — (1) + 9 (Tafaza — T

0x

%flm))) - Z #ETF;I(Q +Tcwza) (52)

j€0ir

With update laws (50), we can get
V< —chz + Z oilel "1k — ko)
]EQIT

3
+0.2785 Z & (53)
=1

Note that
~T; (A 1o 1 2
K lK(K—Ko)S—ElKIIKII +§l/<IIK—Ko|| (54)
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So
Ipl | S
V<—Zc,z + 25 v (=5 kIR
.IEQIT
1 3
kel = koll*)+0.2785) & (55)
i=1
Namely,
- ajlpl
Vis=) ezi— ) T kIRIP+T (56)
i j€Oir
where
I; —027852814- > ’|p|l llk —koll>  (57)
/eQzT

Theorem 1: Consider the servo system driven by twin
motors (1), with unknown parameters and unknown actua-
tor failures described by (11). Under the Assumption 1 to
Assumption 4 and with the control laws (43)-(48) and the
update laws (49), all signals of the closed-loop system are
bounded.

Proof: From (56), in time interval [0, T1] signals &, z;
are bounded. Note that 5, a, b are bounded due to the proj(-)
operator in update laws. Therefor we can get V is bounded in
interval [0, T1].

Note that the difference between V(T1+ )and V(T ") is only
the coefficients in front of the term &7 [ &. Since all the
possible jumping on « are bounded, V(TlJr ) is bounded, then
V(T,") is bounded. Similar to the above analysis, we can get
V(Tjjr]) is bounded from the bound of V(Tj+). Also in time
interval (Ty, 00), it can be shown that V(¢) is bounded. Then
we have z, 9, &, b, @ bounded in [0, oo]. Further more, all
signals are bounded including virtual control ¢;(i = 1, 2, 3),
o state x; and input signal v;. 0O

IV. SIMULATION STUDIES

Now we consider the servo system driven by twin motors
given in (12). Unknown modelling errors w; and w, are
given as

w1 = 0.1sin(x; + Zx%); wy = 0.1cos(xq) (58)

In simulation, the parameters of the servo system are taken
as Jpi = 6kg - m*(i = 1,2), Ky; = 0.04N - m/A(i = 1,2),
Jp = 6kg-m?, K = 0.16N -m/A. The design parameters are
selectedas c; = 35,cp =5,c3 =5,c4 =2,61 =& =1,
'y =T'y =0.001, Ty, = 0.001E3, T', = 0.001E>, where
E», E5 denotes identity matrix.

The initial values are chosen as xi (0) = x(0) = x3(0) =
x4(0) = 0,and a = 0, b= 0, P = 0, k = 0. The reference
signal is set as y, = 0.5sint. To illustrate the effectiveness
of this proposed control scheme, the following four cases are
considered.

Case 1. All actuators work normally during the operation
of servo system. Namely no failure occurs. Figs.2-3 show
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the simulation results. The tracking performance including
tracking error is shown in Fig.2 and the output signal is given
in Fig.3.

Case 2. We suppose at + = 10, the first actuator loses
its effectiveness by an unknown value 90%. The respective
has been shown in Fig.4 including tracking error and output
signal. Fig.5 shows the compare of the tracking error between
these first two cases.
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Case 3. We suppose at ¢+ = 10, the first actuator is stuck
at an unknown value 30. The tracking error and output signal
are shown in Fig.6.

Case 4. A comprehensive failures is considered in this case.
We suppose the first actuator loses its effectiveness by an
unknown value 50% at unknown time instant # = 10 and
the second actuator is stuck at an unknown value 20 at r = 20.
The tracking error and output signal are shown in Fig.7.
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Based on the above simulation results, we can get that the
tracking performance of the system can be achieved success-
fully whether or not failures occur.

V. CONCLUSION

An adaptive robust control scheme is proposed by using back-
stepping techniques to compensate unknown actuator failures
for servo system driven by twin motors. The boundedness of
all signals of closed-loop system can be guaranteed whether
or not failures occur. The simulation studies also have verified
the established theoretical results.
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