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Abstract

This paper presents an adaptive state feedback control scheme for a class of nonlinear systems with unknown
parameters, variable control gains and in the presence of unknown time varying actuator failures. The designed
controller compensates unknown loss of effectiveness failures as well as unknown time varying stuck failures
in actuators. The considered actuator failure can cover most failures that may occur in actuators of the practical
systems. The proposed adaptive controller is constructed based on a backstepping design method. Appropriate
Lyapunov-Krasovskii functionals are introduced to design new adaptive laws to compensate the unknown
actuator failures and unknown parameters. The offered method ensures the asymptotic output tracking and the
boundedness of all the closed-loop signals. The proposed design approach is employed for a wing rock control
of an aircraft in the presence of time varying actuator failures. The simulation results verify the effectiveness
and correctness of the proposed adaptive control method.

Index Terms: Time varying actuator failure, Nonlinear systems, Adaptive control, Backstepping.
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1. Introduction

Actuator failures often cause undesired system
behavior and sometimes lead to instability or even
catastrophic accidents. The problem of actuator
failure compensation is of both practical and
theoretical importance, especially for critical systems
such as flight control systems. Actuator failure
compensation problem is an area of research that has
attracted considerable attention in the recent years. So
far, varieties of fault compensation methods
especially adaptive approaches had been developed
[1]-[10]. Adaptive mechanisms show suitable
performance in presence of uncertainties in failed
actuators. Many valuable researches have been
achieved in adaptive actuator failure compensation
for linear systems. For example, in [6] direct adaptive
state feedback controller scheme was proposed to
solve tracking problems for linear systems with
unknown system parameters and in the presence of
stuck type actuator failures. In [7]-[10], output
feedback model reference adaptive controllers were
developed for linear systems with unknown
parameters in the presence of actuator failures. The
considered actuator failure in [7]-[9] were modeled as
stuck type and in [10] the actuator failure was
modeled to cover both loss of effectiveness and stuck
at some unknown fixed values. In [11], the direct
adaptive state feedback controller was presented for
linear system with actuator failures. The asymptotical
stability of all the closed loop signals in [11] was
proved despite the presence of loss of effectiveness
and stuck type failures in actuators. In [12]-[13],
adaptive backstepping method was investigated for
nonlinear systems. It was concluded that
backstepping’s advantages lies in its flexibility, due
to its recursive use of Lyapunov functions and its
robustness against unmodeled dynamic of the
systems. Some valuable research and practical results
have been achieved in actuator failure compensation
for nonlinear systems based on the backstepping
design method. For example in [14]-[23], adaptive
actuator failure compensation schemes were proposed
for a class of uncertain nonlinear systems based on
the backstepping design method in the form of state
feedback [14]-[15], [20]-[23] and output feedback
[15]-[19]. The considered actuator failure in [14]-[19]
were modeled as stuck at some unknown values. The
considered faults in [20]-[23] were modeled to cover
both loss of effectiveness and stuck at some unknown
fixed values. In [24] adaptive observer was
constructed to estimate the fault in a class of
nonlinear systems, then a backstepping based active
fault tolerant controller was designed for faulty
system. In [25], an adaptive fuzzy controller based on
the backstepping design method was proposed for a
class of nonlinear systems with unknown parameters

oy

and actuator failures. In [26], an adaptive fuzzy
actuator failure compensator was proposed for a class
of uncertain stochastic nonlinear systems in strict
feedback form with known control gains. The
considered faults in [25]-[26] were modeled to cover
both loss of effectiveness and constant stuck failures.
The proposed fuzzy adaptive actuator failure
compensators in [25] and [26] promised the
boundedness of all the signals in the closed loop
system; however, the tracking problem was not
considered.

In this paper, an adaptive compensator is proposed
for a class of nonlinear systems with unknown
parameters, unknown control gains and in the
presence of actuator failures. The considered actuator
failure covers both loss of effectiveness and time
varying stuck failures which are uncertain in time,
value, and pattern. In other words, during the system
operation, it is unknown when, how much and which
actuators fail. The proposed adaptive controller in
this manuscript is constructed based on the
backstepping design method.

The main contributions of this paper, compared with
the existing results, are as follows:

(1) The control problem is investigated for a class of
nonlinear systems with parameter uncertainties and in
the presence of unknown actuator failures.

(2) The proposed design method does not require a
priori knowledge of the bounds of the unknown
parameters and actuator failures.

(3) The considered time varying actuator failures not
only cause the system gain changes but also lead to
system uncertainties.

(4)The considered unknown time varying actuator
failure is more general than the failures considered in
the existing results of [14-26].

5) Appropriate  Lyapunov-Krasovskii  type
functionals are introduced to design new adaptive
laws with less complexity to compensate the
unknown time varying actuator failures as well as
uncertainties from unknown parameters.

(6) The proposed method ensures the asymptotic
output tracking and the boundedness of all the closed
loop signals.

The paper is organized as follows. In section 2, the
system description is given along with the necessary
assumptions. In section 3, the design and analysis of
an adaptive actuator failure compensation scheme are
explained. In section 4, the actuator failure
compensation problem is considered for the F-18
HARV-like wing-rock model to illustrate the
effectiveness of the proposed control scheme. Finally,
the paper is concluded in section 5.



Journal of Intelligent Procedures in Electrical Technology, Vol.8, No.32, Winter 2018

2. Problem Statement
Consider a class of strict-feedback nonlinear systems
in the following form.

%(0) = xi41 (1) + 0L Fi (%, (D), (1
i=1,..,n—1

%n (1) = @o(x(D) + BT()bu(t) + 6F Fr(x(1)

y(® =x41()

where  X; = [Xq,X, ., Xi]T, X = [Xq,Xp, e, Xp] T,

u € R™ | y € R are the state variables, system input
and output, respectively. F;(() and Bx) =
[Bl(x(t)), ) Bm(x(t))]T are smooth nonlinear
function vectors, b = diag{b4,...,by,} in which
b]-, j=1,...,m are unknown constant parameters and
0¢,i=1,..,n, are unknown constant parameter

vectors.
The control objective is to design a state feedback
controller for plant (1) in order to assure that all the
closed loop signals are bounded and the plant output
y(t) tracks a desired signal y4(t) despite the presence
of unknown plant parameters, control gains and
unknown time varying actuator failures. For this
purpose, the following assumptions are considered:

Assumption 1 The signs of b]- ,i=12,...,m are
known and Bj(x(t)) #0,j=1,..,m.

Assumption 2 The desired signal yq(t) and its first
n-th order derivatives yg)(i =1,...,n) are known,
bounded, and piecewise continuous.

The stuck type actuator failures to be considered are
modeled as:

1< p<m-1
where Uj is an unknown constant and d;(t) is given
by

po = Jud2 e dp (2)

h
d(t) = Z digii (), h = 1, = jjz0 o p- 3)
1=1
The failure time instant, t, the failure index, j, and
the scalar constant, aj,_ are unknown and the scalar
bounded signals gi1(0,J =ju iz ripl =
1,2,...,h,h > 1 are known
The loss of effectiveness model of the actuator
failure to be considered is modeled as

u]'(t) = p]V)(t),p] € [EJ'EJ]’O < EJ < 1,5]
=1,

j = {1r R m} n {jl!er "'!jp}

where p; is an unknown constant parameter. For

plant (1) with actuator failures (2)-(4), the input
vector can be expressed as:

u(®) = pv(t) +8(a() — pv())

4)

oY

U(t) = [Uy, Uz -, U] T, p 5
= diag{py, p2, .-, Pm}

v(®) = [v(©), V2 (1), ., Vi (D]"
8 = diag{6,, 6,, ..., 6m}, 6;
{1' u; (D) = u;(t)

0, ui(t) * ﬁi(t)
where v(t) is the applied control input that will be
designed later. With this description, a general type
of actuator failures including loss of effectiveness
and time varying stuck failures are considered. Loss
of effectiveness can occur due to loss of a part of a
control surface, engine malfunction or icing. Variant
stuck failures can occur for example due to hydraulic
failures that can produce unintended movements in
the control surfaces of an aircraft [15]. Table 1
describes different failure situations.

Table (1): Failure model

Failure model pi | &
Normal 1 0

stuck 1 1

Loss of effectiveness | (0,1) | O

For systems in which actuators may fail during the
operation of the system, one common way is to use
actuator redundancy. In this way, when one actuator
fails, some others could compensate for the effect
[15].

Assumption 3: ([14-26]) In the plant (1) with known
plant parameters and failure parameters, if any up to
m — 1 actuators stuck as (2), the others may lose
effectiveness as (4), the closed loop systems can still
be driven to achieve a desired control objective.

3. Controller design =

In this section, the design procedure of the proposed
compensator based on the backstepping method is
explained for the system (1). The backstepping
design method for system (1) contains n stages [12].
At each stage, the intermediate control function and
updating laws are designed using an appropriate
Lyapunov function. To design both the control laws
and updating laws, the following state transformation
is considered for system (1).

21 =X1~Yd
Zi = Xj — Qj—q,
The transformed system in the new coordination is
obtained as:

21(8) = 22(0) + ay (t) + 6, F1 (x1 (D) — ya(©)
zi(t) = zj31(0) + o5(0) + GEFi(ii(t))
— -1 (D),

i=2,..,n

1<i<n
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2a(t) = @o(x(D) + BT GODST(Y)

+ BTx)b(I — 8)pv

+0F Fp(x(8) — &ty
The detailed design procedure is given as follows.
Stepl: In the first step, the z; subsystem is
considered and the controller will be designed for this
subsystem.

For the z;,i=1,..,n subsystems, the following
Lyapunov functions are considered.

1
Vs =57 (©) @
1. ~
Vo, =5 eiTFi_lei ®)
_ )
Vi =V, + Vo,

where 8; = 6; — 6; in which 8; is the estimate of 6;
that will be defined later. Along system (6) and by
using (7)-(9), the time derivative of V, becomes

Vl = VZI + Vel < Zl(t)ZZ (t) + Zl(t)al(t) (10)
+7; gt)ef@1 —2;(D)ya(®)
+0, 179,
where
01 =0, 01 = F1(x,(D) (1)
Accordingly, the intermediate control input is
selected as
. 1 ) (12)
0(1(X1(t)) =—01¢; - EZ1 —Y1Z1 tYd
where v, is a positive constant.
Therefore, the time derivative of V; (t) becomes
(13)

1 _ s
V; < EZ% —v128 —z,()8] @, + 6, I 6,

Accordingly the updating laws for parameters 8, is
selected as

é1 =Tz, (14)
where [ = FlT >0. By —6162{61 <
_7101”@1”2 + %cl||el||2, the time derivative of
V; (t) becomes

using

(15)
2
As can be seen from the above inequality, the time
derivative of V; (t) is dependent on the boundedness
of the z, signal that will be regulated in the
following.

Step 2: Similar procedures are taken for each step
wheni=2,...,n—1, asinstep 1. The z; subsystems
fori = 2,...,n— 1 are considered. The intermediate

controllers o;_4(t), i=2,..,n, are functions of

— a 1 i—1
Xi—l(t)r 91' "'rei—l' Ya ys ) RER] Y((jl )’

time derivative of o;_4(t) becomes

Vi € =128 + 575

~

hence the

of

5 (16)

Ai—1

+ 6] Fi(% (1)}

i-1

a;_1(t) = i
k=1

oaj_q «
* ) o é L6,
k=1 k
l
0ai—1 (1)
£y v
(k-1)7d
=19Ya
The time derivative of V;(t) by using (7)-(9)
becomes
Vi = Vg, + Vo, < 2i(0)2i41 (D +2;(0 o (1) (17)
+ Zi(t)e_iT(Pi
-1
1 004
-z (1) Z a—Xk+1(t)
Xk
k=1
i
001
7 ) =6
. k=1 k
~ 0
- k ~ 1 A
() ) —asy$? + 6176,
#=19Ya
where 6; and ¢;,1 = 2,...,n — 1, are defined as
6,= [6F 67 _,..0f] . (18)
da;_ dati_ T
g0 =[FT — SR pL, ...,—;‘—111:{] (19)

Therefore, the updating laws and the intermediate
controllers are selected as

(20)

§i=nzi¢i 1<i<n

T
0i(t) = —0; 9, — z; — V,%i

i-1

2n

d
where I} = I;T > 0 and y; is a positive constant.

Thus, the time derivative of
follows.

V;(t) becomes as

1

2 2
It can be seen from the above inequality that the

stability of z; subsystem in this region is dependent
on z;,1, which will be considered in stability analysis
of z;,q subsystem.

Step 3: In the final step, the z, subsystem is
considered. Assuming the knowledge of the
uncertainty b and the actuator failures at time t, the
structure of the ideal controller is :

(22)

' 2
Vi < —vzi —

2 2
Zi +5Ziy1
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k] (t)Vo
V]' =
B
where v is the nominal control to be designed later
and K, ; € R is a constant parameter which satisfies
k1, Kp, oo, k]I = 8)pb[1, ...,1]T =1 (24)
with the knowledge of b and actuator failures, k; can
be achieved from the above equation. Considering
assumption 3, the above equation always has a
solution.
For unknown b, § and u(t), the adaptive control input
is designed as
v = k; (Do
OB
where Ej (t) is the estimates of k; .

For stability analysis of z, subsystem, the following

Lyapunov functions are considered.
m

(23)

1,2,..,m

(25)

=12,..,m

1 —a)l ’l pik?(®) (26)
j=1
Vn = VZn + Ven +Vﬁ

where 1~<j = f(i —

(27)
kj, in which Rj is the estimates of kj

and V, ~and Vp_ are defined in (7)-(8).
The time derivative of V,(t) becomes
V, = VZn + Ven + Vg (28)
< 2, (D@ ()
m
2,0 ) byt
e
— 8)pikj(©Vo] + 2 (D8, @p
n-1
doy,—
— 2 ) S i (0
Xk
k=1
-1
k
- Zn(t)z (k 1) ( )
+ 9 F 9
+ 2(1 — )p] k Ok
and 0, and @,, are deflned as
0, = (29)
[ean ] eg‘(n—l) y f1 ] |b1|81u1' |b2|82u2! ey
D 6mUm, |b1|51@T, 218203, ..., b 61O
Pn = P
a - - 0
[FI"II" - an L g—lu ey 0x ! ) Bl(X)SIgn(]
n-1 1 (30)
BZ(X)Sign(bZ)' ey Bm(X)SIgn(bm);
B1(x)sign(b,)G],

IATA

B> (0)sign(b)GY, ..., By (X)sign(by) G 1"
where @) = [deJ der ...,djh]T

G] = [gjl'gjz' ...,g]‘h]T,j = 1, ...,m,h >1.
Therefore, the updating laws and the controller are
selected as

and

én = [hZn@n 853
R] = —sign(bj)Ljvao ] = 1, .
Vo = _(PO(X) ~—YnZn — 35 ég@n (33)
n—-1
doty,_
+ Z an : Xk+1(t)
Xk
k=1
n—-1 aa )
+ Z 2718,
00y
aO(n 1 (k)
+ Z Y
where I}, = FT > 0, L,] =1,.,m and vy, are

positive constants.

Thus, the time derivative of V,(t) becomes as
follows

Vn < _Ynzrzl - E
The result shows that V, (t) is bounded.

Up to now, the design of adaptive actuator failure
compensation approach has been completed. Now,
the main result is summarized in the following
theorem.

Theorem 1: Consider the closed loop system (1).
Under assumptions 1-3, the proposed controller
assures the asymptotic output tracking and the
boundedness of all the closed loop signals.
Proof: The following Lyapunov function
considered:

V(t) = Z v,

i=1
where V;(t) for i =1,...,n, is defined in (9) and
27). Therefore the time derivative of V(t) becomes

Vo < - Zvl

Therefore all the closed loop s1gnals are bounded. It
can be seen that z; € [2i=1,..,n and by
considering (6), z; € L because all the closed loop
signals and the derivatives of the desired signal y,
are bounded. Thus lim;_, z; = 0,i = 1, ...,n, which
implies that lim,,(y —yq) = 0.

.2 (34)

is

4. Simulation results

In this section, the obtained results are simulated to
verify the effectiveness of the proposed method. For
this purpose, the actuator failure compensation
problem is considered for the F-18 HARV-like wing-
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rock model [15, Section 10.1.3]. The aircraft wing
model is described as:

x1(8) = x,(t)

Xp(6) = x3(t) + HfZTFz ()

. 1. 1
3(8) = ~bTu(®) - —x3()

y(©) = x,(0)

where the states x4, X, and x5 represent the roll angle,
roll rate and aileron deflection angle respectively,
u(t) € R? is the control input and7 € R is the
aileron time constant which is unknown, b € R? and
O, € R> are unknown constant vectors and F,(t) =
[1,%1, X5, [X1 X2, [%2]%,]T.

The control objective is to track the desired signal
ya(® = 0.

For simulation purpose T = 1—15,b = [0.5,0.2] Tand
0¢, = [0, —2.667,0.86485, —2.9225,0]".

This simulation example is considered for two
actuator failure models in the form of two scenarios.
Scenario 1- The failure model in this scenario is
considered as

vi(t) ,t<20
w0 = {—1&5) t>20°
v, (t) ,t< 30

uz(0) = {O.sz(t) ,t> 30

The following design parameters are adopted in the
simulation:

[X1(0)rxz(0)]T =[0.1, _0-1'0-1]T' Y1=Y2=7Y3
=10,I;, =L, T3 = 0.11,6,(0)

= [0.5,0.5,0.5,0.5,0.5],05(0)

= [0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5]T, k; (0)
=0.5,k,(0) =0.5,L; =0.5,L, = 1.

The simulation results are shown in Figs. 1-3. In all
of the figures, ‘*’ denotes the time occurrence of the
actuator failures.

Scenario 1- The considered failure model in this
scenario is considered as:

_(va(®) t <30
u (0 = {2 +sin(t),t > 30°

(v ,t<10
uz(0) = {0.9V2(t),t > 10

The simulation results are shown in Figs. 4-6.

It can be seen from Figs. 1 and 4 that the asymptotic
output tracking is ensured even though there are
actuator failures during an operation whose failure
time instants, values and patterns are unknown to the
adaptive failure compensation controller. Figs. 2 and
5 represent the boundedness of the control inputs and
Figs. 3 and 6 show the boundedness of the estimates
of the parameters in the control loop system.

As can be seen from Fig. 2, the first input stuck at
t = 20 at constant value and the second input lost
50% of its effectiveness at t = 30.

For the second scenario, as can be seen from Fig. 5,
the first input stuck at t = 30 at time varying value
and the second input lost 10% of its effectiveness at
t = 10.

However, in both scenarios, all the states are
asymptotically converged to the origin and all the
closed loop signals remain bounded.

It can be seen from the results, that the proposed
adaptive actuator failure compensator is feasible and
effective for the unknown constant and time varying
actuator failures of the nonlinear system (1). The
above simulation results demonstrate the merits of the
proposed design method.

5. Conclusion

In this paper, an adaptive actuator failure
compensation scheme is proposed for a class of
nonlinear systems with unknown parameters, variable
control gains and unknown actuator failures. The
considered actuator failure covers both loss of
effectiveness and time varying stuck failures which
are uncertain in time, value, and pattern. Appropriate
Lyapunov-Krasovskii type functionals are introduced
to design new adaptive laws to compensate the
unknown actuator failures and unknown parameters.
The proposed systematic backstepping design method

can guarantee global
(a)

0.1
0.1
0 10 20% 30% 40 50
(b)
0.5
P op
0.5
%0 10 20% 30% 40 50
()
!
2 0'\
-1 L L n
0 10 20% 30% 40 50

time(sec)

Fig.(1): The states responses of the aircraft wing system
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1 . . i
-~ A
5 5 |
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Z
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]
S

-10 : . :

0 10 20 30 40 50

time(sec)

Fig.(2): (a) Control input u, (t). (b) Control input u, (t)
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Fig.(4): The states responses of the aircraft wing system
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