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Parametric Strict Feedback Systems
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Abstract—1t is well known that hysteresis often exists and
failures may occur in practical actuators during system oper-
ation. The compensation for uncertainties caused by unknown
hysteresis and unknown failures is an important problem in
ensuring system stability and performances. However, available
results based on adaptive approaches to address such a problem
are still very limited. In this paper, an adaptive tracking control
scheme is proposed to solve such a problem. Simulation results
also illustrate the effectiveness of the control scheme.

I. INTRODUCTION

Actuator failures seems inevitable in practical systems and
such failures may lead to instability or even catastrophic acci-
dents during their operations. So how to maintain acceptable
system performance when a failure occurs has become more
and more important in the design of control schemes. To
address such an issue, several methods have been proposed
in recent years, see for examples in [1]-[12]. Among these
methods, adaptive control approach offers certain advantages.
For example, it can handle system parametric uncertainties
and avoid false alarms and delays possibly caused by failure
detection. In the context of unknown failure compensation
based on adaptive approach, several schemes have been
proposed, see for examples in [4]-[12]. In [4] [5] adaptive
control schemes were proposed to compensate for uncertain-
ties caused by unknown actuator failures for linear systems
and it was extended to strict feedback nonlinear systems with
backstepping techniques in [6]. A result on MIMO systems
was presented in [7]. In [8] an output feedback adaptive
control law was designed for a class of nonlinear systems
to address failure problem, but the previous assumption of
identical relative degrees with respect to all the inputs was
still needed. By using pre-filters, the relative degree condition
was relaxed for linear systems in [9] and the result was
extended to nonlinear systems in [10]. In [11] an adaptive
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control scheme based on a prescribed performance bound
was proposed to guarantee transient performance.

On the other hand, hysteresis nonlinearities exists in a
wide range of practical systems especially in mechanical
actuators, electro-magnetic system and so on. So the effect
of hysteresis cannot be ignored in the design and analysis
of control systems. In recent years, several schemes based
on adaptive approach to compensate for hysteresis have
been proposed, see for examples [13]-[21]. In [14] adaptive
control law was proposed for a class of linear systems
by constructing an inverse operator to cancel the effects
of backlash hysteresis. In [15] and [16], a robust adaptive
control scheme was proposed to compensate for backlash-
like hysteresis for a class of nonlinear plants. In [14] [15],
an assumption that all the system parameters must be in a
known bounded set was imposed. It was relaxed in [16]
by using backstepping design approaches. The result was
extended to decentralized adaptive control systems in [17].
By introducing a smooth inverse function of backlash and
with backstepping technique, an adaptive output feedback
control law was designed to ensure the stability of system in
[18] and [19].

Failures of such hysteretic actuators may occur in practice.
However, the available results based on adaptive approaches
to address such a problem are very limited. Recently in [20],
we proposed an adaptive scheme for a simple class of sys-
tems studied in [15] - [17]. In [20] and [15] - [17], the control
gains are constants. Thus the effects of approximating the
actuator hysteresis will be bounded after multiplying these
gains and they can be handled in similar ways to bounded ex-
ternal disturbances. In this paper, we will consider parametric
strict feedback systems. For such systems, the control gains
are nonlinear functions of system states and therefore the
relevant effects in approximating the actuator hysteresis can
no longer be assumed bounded. How to handle such effects
is a challenging issue in the design and analysis of adaptive
controllers and it becomes even more difficult in the presence
of possible actuator failures. Our idea is to separate such
effects into two parts by applying Young’s inequality. One is
bounded and it is combined with external disturbances. An
estimator is designed to estimate their unknown upper bound.
The other part is handled together with unknown nonlinear
modeling errors by finding a suitable smooth function as
their upper bound. This upper bounding function is in turn
employed in the design of estimators and controllers. It is
shown that the adaptive controllers designed in this way can
ensure global stability and asymptotic tracking even in the
presence of possible failures of hysteretic actuators. Results
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from simulation studies also verify the established theoretical
results.

The paper is organized as follows. In Section 2, we
present and discuss the models of the class of systems to
be controlled and hysteretic actuators with possible failures.
Adaptive control scheme is proposed and analyzed in Section
3. In Section 4, we use a simple system to illustrate the
effectiveness of our control scheme. Finally, the paper is
concluded in Section 5.

II. PROBLEM STATEMENT

We will consider the following class of uncertain nonlinear
systems under the control of m actuators.

X =x2+ ¢! (x1)0
X2 =x3+ @1 (x1,%2)0

: - (1)
i = @o(x) + ¢ (x)0 + X bifi(x)ui +d(t) +n(x,1)
y=x

where x = [x],x2,...,%,] is system state, y € R is the output,
ui €R(i=1,2,...,m) are inputs, ¢y € R, ¢; € RP and fi(x) €
R(i=1,2,...,m) are known and sufficient smooth functions,
6 € R and b; € R(i = 1,2,...,m) are unknown constant
parameters, d(t) € R is bounded disturbance and 7 (x,t) € R
is a unknown nonlinear function representing system mod-
eling errors. There exists a known function §(x) such that
()| < 8().

We now consider the ith hysteretic actuator which may
fail during its operation. It exhibits backlash-like hysteresis
behavior denoted as v; = B(u,;) and u; is the designed
control signal and v; represents the output. As shown in [15]
[16] [17], a backlash-like hysteresis model is given as

dV,' a’uci duci

e ai|W|(Ciuci_Vi)+Bi17 ()

where o; and ¢; and B;; are constants, ¢; > 0 and ¢; > Bjj.
It can be solved as

cittei + dyi(uci) 3)
(vi — Cittei (0) e~ %ltei=4ci(0))sign(iici)

_|_e*aiuzri5'ign<uci) /ud (Bi1 — Ci)g“ié”&’"(”d)dé

Ucio

Vi =
d_li(uci) =

where d}; is bounded as shown in [15].
Similar to [11], failure of the ith actuator at time instant
t;r is modeled as

up = pivi+ug, (Vt2>tir)
pig; =0
where 0 < p; <1, uy; and #;¢ are unknown constants. For dif-

ferent values of p;, the actuator operates under the following
situations:

“4)

e p; =1, the actuator works normally, namely u; = v;.

e 0<pi<l,
It indicates u; = p;v;. The ith actuator is called partial
loss of effectiveness.

e pi=0,
It indicates u; = uy;. The ith actuator is called total loss
of effectiveness.
With (3) and (4), the model of ith hysteretic actuator can
be re-written as follows

u; = picittei +ugi +di, (Yt > tif)

5
pitr; =0 ®)
where d; = p;di;(u.;) is bounded.
From (1) and (5), the system can be expressed as
X1 :)C2+(P1T(xl)9
X2 =x3+ @1 (x1,%2)0
(6)

X = @o(x) + @ (x)0 + 3 bii(x) (picittei + uxi + di)
i=1

+d(t) +n(x,1)

y=X

To derive a suitable adaptive control scheme, the following
Assumptions are made.

Assumption 1: The number of totally failed actuators is up
to m—1 and the control objectives can be achieved by the
remaining normal actuators. Also any actuator can change
only from normal to partial failure or total failure.

Remark 1: In adaptive failure compensation problem, the
stability of closed-loop system and desirable system perfor-
mance are achieved by the remaining actuations. Therefore,
as explained in [6] and [11] the above assumption is indis-
pensable. Note that all actuators are allowed to have partial
loss of effectiveness simultaneously.

Remark 2: The ith actuator becomes faulty at an uncertain
time instant #;¢. Furthermore, any actuator fails only once.
Hence, There exists a finite time instant 77 after which no
new failure will occur.

Assumption2: f;(x) # 0 and b; is in a known bounded
interval which does not include zero, namely bjyi, < b; <
Dimax(i = 1,2,--- ,m) for some known constants bj,;, and
bimax- Without loss of generality, we suppose 0 < bjyip-

Remark 3: The class of model is much more general
than that in [20]. Due to the nonlinear functions f;(x), the
effects of d; caused by approximating the actuator hysteresis
will be b;B:(x)d; and cannot be assumed bounded as in [20]
and [15] - [17]. How to handle such effects is a challenging
issue in the design and analysis of adaptive controllers and
it becomes even more difficult in the presence of possible
actuator failures.

Assumption 3: Reference signal y,(¢) and its i-order (i =
1,2,...,n—1) derivatives are known and bounded.

ITII. DESIGN OF CONTROLLERS

Our objective is to design adaptive controllers to guarantee
the global stability of closed loop system. To obtain suitable
control law and update laws for controller parameters based
on the backstepping approach, the following change of
coordinates are introduced.

A =X1—Yr

i1 . 7
G=xi— o —y V(i=2,...,p) @
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where variable z; is tracking error, o;_; (i =2,...
virtual control to be designed at step i — 1.

,n) is a

A. Control design

In this subsection, we will carry out the design recursively
as in [21] and [22]. The first n — 1 steps are rather standard
and thus no details are given. However, the last step is totally
different and will be elaborated.

Step 1: From (6) and (7) the derivative of tracking error
can be rewritten as

H=k-Yr=n+a+¢0 (8)
where o is the virtual control. We define a positive definite
Lyapunov function as follows

v Ly, lar s

Vi== -60'T 0 9

1 221 + ) ( )

where 6 = 0 — 0, 6 is an estimate of unknown parameters
0 and I' is a positive definite matrix. Virtual control ; can
be chosen as

o =—-Kizi— [ 6 (10)

where K is positive constant. From (8) (9) (10), the deriva-
tive of V; is

Vi=-K#+an-0T"'(0-1) (1)
where 7] is a turning function chosen as
T =Igizy (12)
Step i(i = 2,3,...,n—1): In this step, the following
Lyapunov function V; is considered
_ 1
Vi=Vii+54d (13)
We choose the virtual control as
oo 5
® = —RKiZi—Zi-1 Z — 1
=l o00_1 805'_1 (k) do;_1
+ A _Xk A IA T
k:l( axk +1 y£k,1) ) 00 i
i oy i oo
+Y == T(@— Y ——¢) (14)
i= 00 =

where K; is a positive design parameter, turning function ;
is given as

Zaazl

T, =1, ['(o
i i—1+ axk

5)

Step n: From (6) and (7), the derivative of z, can be
expressed as follows

o= Qo+ @0+ Y bifi(x)(piciuci +ugi +d;) +d(t)
i=1
nl &an—l T a(xn—l A
H—-Y (g +of0)— 221 h
) k;l F (Xxr1+ ¢ 0) 20
v 901 ) ()
- Yr' —Yr (16)
2:: aygk—l)

In the stability analysis given later, we need to consider the
derivative of %zﬁ, a term included in the Lyapunov function.
Certain parameters in its bound need to be estimated for
designing our control law. Thus we now study %z,zl From
(16), we have

] =
5@ (B +Zb Bi(x)d;+d(t) +n(x,1))  (17)
< Zn~+|zn||ZbBl d|+zn (t) +zam (x,1)
where
E = (Po-‘r(PnTe-i- Zbiﬁi(x)(piciuci—&-uki) —
i=1 =
ol aa”,1 T aanfl A (n)
-) — +@. 0)— —0 —y, 18
kg,l E (X1 + 0 0) 20 y (18)
Using Young’s inequality, we can get
m 1
|ZbiBi(x)dl < E(” (blﬁl(x)"" abmﬁm(x)) Hz
i=1
+(di,- )17
< bB(x)+d(r) (19)
where
b= max{‘bi‘zv (i =12, am)}
1
Blx) = 5lI(Bi(x), - B ()7
_ 1 _ _ 5
d(t) = S ll(dr, -~ dm)|
Therefore
1
() < 2B+ |albB () + 2 (x,0) +2d () (20)

2

where d(t) = sign(z,)d(t) +d(t) and it is bounded.

The unknown bound D of d(¢) will be estimated. b is
unknown and will also be estimated with its estimate denoted
as b. From Assumption 2, we have b € [Dmin, bimax] where

bin = min{Bin } bmax = max{bqe}, (i = 1,2, ,m)
A projection operation can guarantee that b Is always in the
bounded interval [byin, bmax|. To compensate for the effects
of | 2 biBi(x)d;| and modeling error 1 (x,#) in the design

of adaptlve controllers we also need a smooth function to
bound —bp (x) + sign(z,)n (x,t) where b= b — b. Note that
|b| < bimax — bmin. Then

| = BB (x) + sign(za)n (x,1)] | = BB (x)| + |sign(za)n (x,1)]

<
< (bimax — bmin) B(x) + 8 (x)21)

Such a bounding function, denoted as A, can thus be chosen
as

() =\ (Bas — bruin) B () + ()2 + ¢

where € is any positive constant. Clearly £, is differentiable.

(22)
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We now return to our design problem. Different from
the standard backstepping approach, a virtual control ¢ and
turning function 7, at this step are designed as follows

1 da, b
a = - nzn—zn717(po+y, — Z a)Ckl T
ol aO‘nfl aanfl (k) 805717]
+ ( Xk+1 r ) ~—Tn
= 9 " &yﬁk_l) 20
= 8ak,] "f‘&oc,,_l
—5i ) D+ — I, —
sign(z,) k;sz 38 (o k; It o)
—sign(zn)Bﬁ (x) — sign(z,)hn(x) (23)
0 = a1 +T(@ Z 8“" Ly 24)

where @ is the estimate of unknown 6.

The virtual control in (23) together with the control law
and parameter update laws below is obtained based on the
control Lyapunov function approach which will become clear
in the stability analysis of the next subsection.

Similar to [20], if knowing the system parameters and
failures, we could choose the control law as

L7
Ui = ——K @ (25)
7 Bilx)
where Kk is a desired parametric vector and @ is a known
vector to be specified in the stability analysis. Both are m+1

dimensional vectors denoted as
T T
) sz) b 0) = b) abm) (26)

K= (k1,K1,... (01,01, ...

However, owing to the unknown parameters and failures, K
is unknown and thus needs to be estimated. With k replaced
by its estimate &, the control law is obtained as

Control Law:

I o7
| = K'o 27
Uci ﬁi (x) (27)
Based on the consideration of control Lyapunov function
approach, particularly from (33) in the next subsection, the
parameter update laws are also obtained
Update Laws:

b nd‘zn‘

fc: —T'voz, 28)
é =1,

b= proj(Tylz|B(x))

where I',, 1, are positive constants, I'y is a positive define
matrix and proj(-) denotes a projection operator.

B. Stability analysis

We now analyze the stability of closed loop system with
control law and update laws in (27) and (28). Suppose that
pj(0 < p; < m) actuators are faulty and no new normal
actuator fails in time interval (7j,7j41),(j=0,1,..., f). Let
the set Q7 denote the actuators of total failure in interval
(T;,Tj+1),(j=0,1,....f) and use the set Q7 to represent

other actuators but total failure. It is clear Q;r UQ_.,-T =
{1,2,...,m}.

Remark 4: Let 7o = 0,771 = o and pg = 0. So we can
get all actuators work normally in time interval [Tp,7;) and
no new failure will occur after time instant 7. Furthermore,
the set Qor = {1,2,---,m} and the set Q;r are not empty
according to Assumption 1.

Now consider the following Lyapunov function in time
interval (7, Tj+1)

V= Vn1+;z+z p’z’“Tr 2117d1”)2 (29)
€0t

Using (20) gives
Vi < Vit B+ [albB () +2m () +2d (1)

1
- Y picilbi |&T Tk — — Db (30)
lEQ,T n
Vector k and @ in (26) should be such that
m
Y cbik"o=o (31)
i=1
This gives
K| = —1
Y picibi
iEQjT _
;i =0,(i€Q0jr)
biu i .
Ky = —7): Ificibi (l € QjT) (32)
iEQjT
o =0

;= Pi(x),(i=1,2,...,m)
With (23), (24), (30) and (31),we have

. n 7 n—1 aak l
Vi < =Y Kig—6'T"! Zz — Tn)
k=1
(9(1,1, A ~ —1/4A
—Zn aél(e—r,,)— ) c,-b,»KTFKI(K+Fsz,,)

i€0jr

Hanl[| = BB (x) + sign(zn)n (x,1)| — ha]

|
——D(D—1n4lz]) (33)
Na
With the update laws in (28), we obtain
. 1 1A "oy, A
Vi < Y KZ-0T'6-1)-Y aost(6-1)
k=1 = 0
~ —1/A 1 - &
— Z c,-|b,-|KTFK1(K+FKa)z,,) - 7D(D_ T]d|Zn|)
icO; Tld
T
< =Y az (34)
k=1
It is clear that V; is non increasing. So we have V;(T +1) <

Vi (Tf) Let j =0, then we can get Vo(7}) < Vp(0). It can be
concluded that all signals z;, 0, 1"<,D are bounded in the time
interval [0,77). Note that the difference between Vi (7;") and
Vo(T,") is only the coefficients in front of the term k.
Since all the possible jumping on k are bounded, V;(7;")
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is bounded, then V|(7, ) is bounded. Similar to the above
analysis, we can get V;(7; ) is bounded from the bound of
Vj(T;“). According to Assumption 1, there is a finite time
instant Ty such that in the time interval (7, o), the operation
of all actuators remain unchanged, namely no new failures
occur. Also in time interval (7y,oo), it can be shown that
Vie(t) < Vf(Tf+). Then we have z,0, &, D bounded in [0, ).
From this, we have the following result.

Theorem 1: Consider the closed loop system consisting
of nonlinear plant (1), m hysteretic actuators modeled in (2)
with possibly unknown failures described by (4) and adaptive
controllers with the control law in (27) and the update laws
in (28). Under Assumptions 1 to 3, all signals are bounded.
In addition, asymptotic tracking is achieved, i.e. limy_..(y —
yr) =0. o

Proof: As analyzed above, signals z;, 6, D and K are
bounded. Then all the virtual control o;,i =1,2,--- ,n—1,
a and states x;,i = 1,2,---  n are bounded. From the control
law (27), u,; is ensured bounded. In addition, by applying
the Lasalle-Yoshizzawa Theorem, it follows that lim_...(y —

yr) =0.
IV. SIMULATION STUDIES

To illustrate the effectiveness of the proposed scheme, we
use the aforementioned methodology on a simple system
described as follows

X= (p(x)TG +D1B1(x)ui (1) + b2 o (x)ua (1) +m(x,t)  (35)

where u;(¢) and up(t) are the outputs of the two hysteretic
actuators. The known function ¢(x) = i;—f}j, Bi(x) =19+
0.1sin(x), Ba(x) =2. 6,b1,by € R are unknown constants.
N(x,t) is unknown nonlinear functions represents system
modeling errors.

In simulation, The actual parameter values are 6 =2 and
by = by = 1. The uncertain nonlinear function 7)(x,#) is
0.1sin(t). The reference signal is sin(t).

The backlash-like hysteresis is described by (2). The pa-
rameters in the model (2) are op = a; =1, ¢ =c; = 3.1635
and By = B;; = 0.345.

We choose b1max = bamax = 1.5, b1min = bamin = 0.5. Then
with (21) we choose £, (x) = 8+0.38sin(x) and the designed
parameters I'g = 0.1, I' = 1,I', = 0.1, 17y = 0.1.The initial
value are chosen as follows: z(0) = 0.5, u;(0) = uz(0) =0,
6(0) =0, &(0) =0, D(0) = 0,h(0) = 0.6. When all actuators
work normally, Fig.1 shows the tracking error, Fig.2 and Fig.
3 present the inputs u () and ux(¢), and outputs u(¢) and
up(t) of the actuators, respectively. Suppose that at 1 =2
second actuator u, is stuck at an unknown value 4.5. Fig.4
gives the tracking error under the above failure. In this case,
the inputs u.; (¢) and u (), and outputs u; (¢) and u,(¢) of the
actuators are shown in Fig.5 and Fig.6, respectively. Clearly
the proposed scheme has been verified effective by these
simulation results.

V. CONCLUSIONS

A robust adaptive control scheme is proposed by using
backstepping techniques to compensate for uncertain failures
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of hysteretic actuators for a class of nonlinear systems with
uncertainties including unknown parameters, unknown exter-
nal disturbance and unknown system modeling errors. The
stability of closed-loop system and output tracking perfor-
mance can be ensured by the adaptive controllers. Simulation
results also verify the effectiveness of the proposed control
scheme.
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