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Abstract In order to handle the nonlinear properties of
hysteretic systems, an indirect adaptive fuzzy controller
(IAFC) is proposed in this paper. However, it is hard to
directly identify the unknown hysteretic effects. Therefore,
to overcome this problem, a dynamic hysteretic equation is
employed and modified to construct the nonlinear proper-
ties of backlash-like hysteretic systems. Besides, the exis-
tence of an IAFC can be derived in this paper. Compared
with the existing fuzzy control methods, our proposed
IAFC is simpler and can handle the more general hysteretic
problems with our new learning algorithm. Based on the
learning algorithm, the adaptive and the control laws not
only can be derived but the stability of the closed-loop
system can also be guaranteed by the Lyapunov stability
criterion. Finally, the proposed IAFC is compared to the
adaptive backstepping control method, and the results show
that our proposed IAFC can effectively handle the non-
linear properties in the backlash-like hysteretic systems.
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1 Introduction

In mechanical systems, hysteresis and dead zone are two
kinds of input nonsmooth nonlinearities which will degrade
the performance of the systems. These nonlinear phe-
nomena exist in many physical systems and materials, such
as ferroelectric and ferromagnetic materials, mechanical
actuators, electronic throttles, and other related fields [1-7].
Although hysteresis and dead zone commonly coexist, they
have different nonlinear properties, actually. Hence, in this
paper, we only discuss the hysteretic nonlinearities. In fact,
different types of hysteresis have totally different nonlinear
properties. Thus, we focus mainly on the hysteresis model
called “backlash-like hysteresis.” Backlash-like hysteresis
is usually found in the mechanical systems, which causes a
delay between the input force and output response. To
control the systems with unknown backlash-like hysteresis
is quite important but typically challenging. Incidentally,
conventional control methods are insufficient to deal with
the nonlinear systems with these non-smooth nonlinearities
[8]. For simplicity, the hysteresis is sometimes ignored in
the controller design. However, ignorance of nonlinear
hysteresis will lead to the obvious steady-state error,
oscillation, and even instability. Hence, the development of
alternate effective approaches is required and urging.

For research purpose, the foremost task is to find a
model to describe the hysteretic nonlinearities, which helps
us to design a proper controller. Until now, the research on
mathematical models for unknown hysteresis is still an on-
going topic. Thus, there are various models being proposed
in past decades, and different hysteresis models will affect
the effectiveness of the control algorithms. Generally, the
existing hysteresis model can be roughly categorized into
two types [9]: operator-based hysteresis models and dif-
ferential equation-based hysteresis models. The operator-
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based models use integral equations which contain nu-
merous hysteresis operators and can describe the shapes of
hysteresis curves accurately. The popular operator-based
models are Preisach model [10], Prandtl-Ishlinskii (PI)
model [11], etc. For differential equation-based models,
they have finite dimensions and can be extend to con-
tinuous inputs using approximation [9], which can reduce
the computational complexity effectively. The models like
Bouc-Wen model [12], Duhem model [9], and Backlash-
like model [13] are used widely in the controller design for
hysteretic problems. For nonlinear hysteretic properties in
our benchmark problems, the backlash-like model pro-
posed in [13] is adopted with a little modification
throughout this paper to model our problems.

Based on the mathematical models, several alternate ap-
proaches have been proposed in [13—21] in past decades. The
above methods used the adaptive control schemes to mitigate
the nonlinear effects of hysteresis. In [14—16], an adaptive
inverse operator was constructed to cancel the backlash
nonlinearity, but the strict initial conditions were required. In
[21], a smooth inverse function combined with the back-
stepping technique was utilized to compensate the nonlinear
effects of the backlash. Using the intelligent control schemes
like fuzzy logic control (FLC) or neural network (NN) has
been depicted in [17—-19]. Those intelligent control methods
have the advantage of excellent nonlinearity approximation,
which can eliminate the inversion error [17-19]. Some ex-
perimental applications showed that backlash inverters
would degrade the system control performance [22, 23].
Hence, a controller design scheme without constructing the
inverse operator has been proposed in [13, 18, 20]. In [18]
and [13], a continuous dynamic backlash-like hysteresis
model was defined. However, the backlash-like term multi-
plying the control in [18] and [13] must be bounded, and the
uncertain parameters must also be within known intervals.
The adaptive backstepping control methods proposed in [20]
strived to eliminate the above restrictions. Some more
complex problems and methods can be found in [24-26].

A new indirect adaptive fuzzy controller (IAFC) using
“feedback + feed-forward” scheme is proposed to miti-
gate the hysteretic phenomenon without the above restric-
tions, Besides, a dynamic backlash-like hysteresis model is
utilized in the nonlinear systems with unknown nonlinear
control gain which is more general than that in [13]. The
existence of the IAFC for the unknown hysteretic system is
first shown in Theorem 2. The adaptive laws of IAFC are
constructed based on the Lyapunov stability theory, and the
IAFC control law guarantees that all the signals of the
closed-loop system are stable. Finally, the proposed IAFC
is compared with the adaptive backstepping control
method, and the results demonstrate that our proposed
IAFC has better effectiveness and excellent tracking
performance.

This paper is organized as follows: Sect. 2 states the
problem of this paper, where the nonlinear backlash-like
model is introduced. In Sect. 3, the proposed IAFC scheme
is presented. In Sect. 4, the simulation results are presented.
Finally, in Sect. 5, conclusions are drawn.

2 Problem Formulation
2.1 System Model
We consider the following nth-order SISO nonlinear sys-

tem described by the differential equations which are more
general than that in [13] and [20]:

xi :xi+l7i:1a"'7n_1
o= F(X) + g®o() (1)
y =X

where X = [x1,xp, - - ,xn]T =[x, %, - ,x(”‘1>]T € R" is the

measurable state vector; # € R and y € R are the input and
the output of the system, respectively; F(x) =—> ',
a;fi(x); and parameters a; are unknown but bounded con-
stants f;(x) and control gain g(x) are unknown nonlinear
functions. (1) has to be controllable so we require that the
control gain g(x) # 0. Besides, without losing generality,
it is assumed that g(x) > 0. In [13], the control gain g is
simply an unknown constant, and functions f; have to be
known linear or nonlinear functions. The function w(u) is
the output of the nonlinear hysteresis. Incorporating this
hysteretic function into our system model, a nonlinear
hysteretic system is formed and the system schematic
diagram is shown in Fig. 1.

The control objective is to design a control law for
u(f) in (1) and an adaptive law for adjusting the parameter
vector, such that the system output x can track the reference
signal y,,. Note that the reference signal y,, is assumed to be
(n—1)th differentiable.

2.2 Backlash-like Model and Its Characteristics

A continuous dynamic model to simulate the hysteretic
phenomenon defined by [13] can be described by

Nonlinear
Model

Fig. 1 Representation of the nonlinear hysteretic system

@ Springer



86

International Journal of Fuzzy Systems, Vol. 17, No. 1, March 2015

dw
dr

u du
— B— 2
(cu—0) + B, )

:(xa

where o, B, ¢ are constants and ¢ > B > 0; u(?) is the input
of w(u) and also the control signal to the plant in this paper.
Actually, the backlash-like model is just an extension of
the Duhem model [9]. Thus, the solution of (2) can be
solved explicitly:

w(u()) = cu(r) + d(u) 3)
and

d(u) = [wo — cuo]e_“<”—“0)sgn(ﬂ)

+ efxusgn(u') /u [B _ C}ealsgn(u')dg, (4)
Uo

where uy and wy = w(ug) are initial conditions which are
defined as uy = wy = 0 (initial rest) in this paper; sgn(-)
represents the sign (or signum) function. The relationship
between o and u is illustrated in Fig. 2. In Fig. 2, the sign of «
in (4) determines the direction of the curves. When « > 0, the
hysteresis loop will be in counterclockwise direction.
Similarly, when oo < 0, the hysteresis loop will be in clockwise
direction. In this paper, we only take « > 0 into consideration.

In addition, solving for (3) and (4), we can get an ex-
plicit solution of backlash-like hysteretic function w(u) as
follows:

when u >0,

o(u) = cu(t) + (wo — cuo)e_“(”(f)—uo)

n (B—c¢) [1 — (20— g2 o ()
o
(5)

and when 1 <0,
o(u) = cu(t) + (wy — cug)e* =)

+ (C — B) |:1 _ (26—|oc\ul _ e—2|a\ul)eo:(u(l)—ug)
o )
(6)

where u; > 0 is the upper bound (also lower bound) of the
hysteretic input u(#), i.e., |u| < u;. As mentioned previously,
uy and g are set to zero; thus (5) and (6) can be simplified
as follows:

when u > 0,

(B

o(u) = cu(t) + %C) [1 — (2e7 1 — e*2\“lus)e*au(t)}

(7)
and when u <0,

(c—B)

o(u) = cu(t) + "

[1 — (Ze*\a\u,\- _ 672\o<|u.;)eacu(t)]
(3)
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Fig. 2 The hysteretic illustrations: a o > 0; b oo <0

3 Design of Indirect Adaptive Fuzzy Controller

To properly control the nonlinear systems with hysteretic
phenomena, a “feedback plus feed-forward” closed loop con-
figuration which is used widely in numerous industrial appli-
cations is presented. The control strategy is shown in Fig. 3.

In Fig. 3, y,, is the input signal to the system, and, in this
paper, the feed-forward controller is simply a transducer to
convert the reference signal to our control signal, i.e.,
Uforward = PYm,» Where [ is a unit constant gain (f = 1).
Then, the feedback controller is the proposed IAFC which
is presented step by step as below.

3.1 Ideal Hysteresis Controller

Before presenting the IAFC, the following assumptions and
lemma must be discussed:
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Fig. 3 The control strategy to handle the nonlinear hysteretic system o5 1 L Y
1 eI, N
Assumption 1 For all x € R”, there exist unknown bound i ; N d i
. — _ 1 1 1 H
functions g(x) and g(x) such that 0 < g(x) < g(x) <g(x). 150 - { oo t
= = ; SN N R A
L 2t * : !
Lemma 1 In (3) and (4), the hysteretic displacement N ST = alpha=0.5
d(u) is bounded, i.e., d(u) < p, where p is a constant. 25, y PR s s 5 8T ::E:Zi;
Time (sec) —

Proof By (7) and (8), the hysteretic displacement can be
simplified as

B — .
d(u) _ sgn(u) ( - C) |:1 o (26*\04% o 672|a\ux)efsgn(u)xu(t):| )

Obviously, if & > 0 and u# > 0, then

B —
lim d(u) = —<.

U—00 o

©)

Similarly, if o« > 0 and # < 0, then

lim d(u) = <= 2. (10)

U——00 o

From (9) and (10), we can imply that there is a uniform
bound p such that |d(u)| < p.

For the development of the control law, the following
further Assumption 2 is made.

Assumption 2 Based on some observations and the de-
cent choose of the parameters, we can find that because the
term (2e” P — 2l )emsenl@nlt) in  d(u) is steady,
d(u) varies slightly, which can be asserted by the
experimental results shown in Fig. 4. In Fig. 4, the
parameters are chosen as B = 0.345, ¢ = 1.345, u = 10s-
in(2.5¢), and o differs as shown in the figure.

Observing the behaviors of d(«) in Fig. 4, we can find
that the hysteretic displacement almost equals to the bound
valuep = sgn(ut) B—;‘ Hence, we can assume that d(u) is not
only a uniform bounded function but also a constant, i.e.,
d(u) = —sgn(u)d, where d is a positive constant. Replace
(3) with d(u) = —sgn(u)d, and the following equation can
be derived:

o(u) = cu(t) — sgn(u)d. (11)

With Lemma 1, Assumption 1, and Assumption 2, the
following Theorem I can be presented:

Theorem 1 Consider the system in (1) with hysteretic
functions (5) and (6). There exists an ideal controller uigeq

Fig. 4 The values of hysteretic displacement under different
conditions

such that the system output x; can track the reference
signal y,, as close as possible.

Proof Lety=[y,y,- 7y(”’1>}T denotes the output vec-

(

T
tor, and y, = {ym, Vs " y,,:'fl)} denotes a bounded

reference input which has the nth-order derivative.

Define the output tracking error as e =y,,—y and the
error vector as e =y, —y = [ej, ez, ,e,l]T: [e,é,---,
e D]". Choose a vector k = [k,, - - - , k;] such that all roots
of the polynomial s" + kys"~! + - - - 4 k,, are in the left-half
complex plane, and the polynomial is called Hurwitz
polynomial [27, 28].

Then, apply (11) into (1), and we can get the following
equation:

X" = F(x) + g(x)(cu(r) — sgn(i)d). (12)
From (12), if F(x) and g(x) are known, we can assume
that there exists an ideal controller as given below:

1 . d
g = oo [ F ) 000+ KT + sgnligen) L (13)

; .

Then, we have to prove that (13) can control the output
x; to track the reference signal y,, Substituting (13) into
(12), we can obtain the closed-loop system as

2 30 _ kT (14)
je(n)Jrkle('lfl)Jr..‘+kne:0. (15)

With the Routh-Hurwitz stability criterion, via choosing
the vector k properly, we can acquire that lim e(f) = 0,
1—00

which proves the theorem.

@ Springer
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3.2 Indirect Adaptive Fuzzy Controller

Although we can prove the existence of the ideal hysteresis
controller, F(x) and g(x) are usually unknown; hence, we
cannot actually derive the ideal controller. In order to
overcome this problem, utilizing the control strategy
mentioned in Fig. 3, the ideal controller can be ap-
proximated by an IAFC.

For the design of the IAFC, firstly, we have to construct
the fuzzy logic system which can be expressed through
singleton fuzzifier, center average defuzzifier, and product
inference [27, 28]:

S (TT y)
E?il (H:‘l:l Hal (x,-))

where 1:(x;) are the fuzzy input membership functions, ¥’

=0"¢(x),

y(x) (16)

is the maximum point (or called center) of the output
membership function ug(y), and, without loss of gener-

ality, we assume that pg(y') =1. 0= [y/,--- ,yM]T is an
adaptive parameter vector, and £(x) = [51 (x), -, EM(x)] !

is an input fuzzy basis function, where &(x) can be defined
as

_ [T Myl (xi) .
Z?; (H?:l Hal (Xi)>

Since F(x) and g(x) are unknown, utilizing the fuzzy

&(x) (17)

control logic system, we can approximate them by f (x]6f)
and g(x|8,), respectively: For variable x;, define fuzzy sets

F' and GV, where i=1,2,---,n; ;=1,2,---,p; and

1
r,=1,2,---,q;. Then, we obtain

R 11711:1 . Z’l:l )—]]ICI.uln (H?:] 'uFfi (xi)) .
o) = = 0/2(9
=1 e Z[,LZI (Hi:l H’Fl{i (xl))

(18)
o ST (Mg )
£(x(6,) " . - . 11(X),
n=1"""2ur,=1 (Hi:l Hel (xi))
(19)
where )7}""[” and yg"'l" are free parameters which can be

chosen randomly or by some certain structures. Then, the
resulting control law is

1 7 T

uiarc = ——=— |—f(x|6y) + 1) + K'e

cg(x(0,) "

However, for industrial applications, a feed-forward

controller is incorporated into our control scheme to en-

hance the steady-state error and improve the rise and

—@. (20)

@ Springer

settling time. The complete control strategy has been pre-
sented in Fig. 3, and the overall control signal can be as
given below:

@)

Applying (21) to (1), we can obtain the error equation in
the vector form [28]

u = wiarc + Pym-

é = Ae + b{[f(x]0;) — F(x)]

. (22)
+ [2(x10,) — g(x)] (cu + d(u)) }
where
0 1 0 0 -~ 0 0
0 0 1 0 -~ 0 0
0 0o 0 0 -~ 0 1
—ky, —kyy e e e e —Iy
b=[0 0 --- 1]

In [28], the optimal parameters 0; and 0, are defined, and
the minimum approximation error can be defined as

£ = [F(x10;) ~ Fx)] + [2(x16) — ()] (cu + d(w).
(23)

Substituting (23) into (22), we can rewrite (22) as

é=Ae+ b{ V(XWJ‘) —f("w;)}

+ {é(XIGg) - g(XIG;)} (cu+d(u)) + E}, (24)
which is equivalent to
é=Ae+ b{ 0, 0] c(x)
(25)

+[o, - 6] (%) (cu+ d(u)) + E}

Finally, the adaptive laws are defined to minimize the
tracking error e, 6 —0;, and 0, — 0,. The adaptive laws
are presented in Theorem 2.

Theorem 2 Consider the backlash-like system (1) satis-
fying Assumptions 1 and 2. The control law is designed in
(20), and the adaptive laws are

0; = —,e"Pbé(x) (26)

0, = —7,e" Pby(x)(curarc + cfym — sgn(inarc)d),  (27)

where y; and vy, are the learning rate, and P and Q are
positive definite matrix satisfying the following Lyapunov
Matrix Equation:
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AP +PA = Q. (28)
Proof Choose a candidate Lyapunov equation
1 T l * T *
V=gePety - (o -0;) (o0 -9;)
1 * T *
o (0. - 0;) (6. 9;). (29)
Then, differentiate (29), and we can get
. 1
V=- EeTQe + e'PbE
1 T
+—(0;—07) [0 + 7,6’ Pbé(x)
Vl(f f)[f 1 ] (30)

1 AT
+ g (Og — 6g> [Og —+ yzeTPbr](x) (CMIAFC
+ Cﬁym — sgn(LZIAFC)d)].

In order to minimize the three terms e, 0 — 0;, and
0, — 9;, we have to make V <0. V consists of four terms as
below:

1. f% TQe <0 is obvious because Q is a positive definite
symmetric matrix.

2. eTPbE can be small enough: when the fuzzy logic
system is adequate, the minimum approximation error
will become a small value or even zero.

T,
3. i(ﬂf—ﬂf) [0 + 7,€"Pb&(x)| becomes zero when

we choose 0; = —7,e7 Pb&(x).
4. t (6, _ez)T[ég +7,¢" Pbr(x) (ctiarc+  fym —
sgn(ujapc)d)] can also become to zero when we

choose ég = —7,e"Pby(x)(curarc + cfym — sgn

(tirarc)d).

The sum of the above four terms is negative, and this
completes the proof.

4 Simulation Studies

In this section, three benchmark hysteretic examples con-
trolled by the proposed IAFC are presented and compared
to the adaptive backstepping control (ABC) method in [20].
Example 1 uses the hysteresis example in [13, 18, 20-22]
with a little modification: the control gain in Example 1 is
an unknown nonlinear function; however, the control gain
in [13, 18, 20-22] is just an unknown constant. Example 2
is an Inverted Pendulum System (IPS) [27] with hysteresis,
which is a standard benchmark used in numerous re-
searches. Example 3 is a single-link robotic manipulator
problem stated in [29]. This problem already exists a
frictional model, and we impose the hysteretic function
into this example. These three examples, which are

simulated based on MATALB simulation platform, can
fully examine the effectiveness of the proposed novel
IAFC. The details and the results of the problem are shown
below:

Example 1 Consider the following second-order nonlin-
ear backlash-like hysteresis system:

X1 =x

) I —e™

X2 :am—i-g(xl,xz)w(u), (31)
y=x1

where o represents the output of the hysteresis nonlinearity
as in (7) and (8); the actual parameter a =1 and, for
simulation purpose, g(x1,x2) = 2 + sin(x;xp) > 0.

The control objective is to control the system output
y = x; with initial state xo = [0.3, 0] to follow a desired
trajectory y,, = 0.5sin(2.37). The backlash-like hysteresis
model is described by (7) and (8) with parameters
o=1,B=0.345,c =3.1635, andu;, = 10. The initial 25
values of vector 0;(0) and the initial 9 values of vector
0,(0) can be randomly chosen in [0 1].

Construct the IAFC for the nonlinear system:

Step 1: Select the design parameters: the learning
rates y; = 35 and y, = 1 for (26) and (27), respectively;
control parameters k = [k;, k,]" = [10 1], positive defi-
22555 255} andb=[0 0 --- 1]".

Step 2: The adaptive fuzzy membership function can be
defined as Gaussian functions as follows:

nite matrix P = [

0.6
AADN AL A A A
NN I A A R LA
| AR Vo
A AR R
iR AN B INE ERIRi
S Vi I oot bob
Z ol did [ R (T
E] I T 1 (I T
.E‘J “ { ] | \ " { H
E L O T I
H A YA NI A
g R Jid |
0.4p----- ;" T \ :’ U’ i f ,'
v v ivV VARV A
-0.6}----- Reference Signal
Adaptive Backstepping
----- Indirect Adaptive Fuzzy
'0'80 2 4 6 8 10 112 114 116 118 20
Time (s)
Fig. 5 Output y tracks the reference signal y,,
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<
o
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on Indirect Adaptive Fuzzy
£ 015
=
9
]
i
E .02
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Fig. 7 Tracking error e,(f)

_(xrqz)z)
.“F!(xi):e( 2 , fori=1,2; I=1,2,---,5

(32)

g
qu(xi):e( : ), fori=1,2; m=1,2,3 (33)

where [Cf] ;€125 Cf3, Cf4, Cfs] = [— 107 —5, 07 5, 10] and [Cg] y
co,ce3) = [1, 1.5, 3]. Then, compute the fuzzy basis
functions.

Step 3: Compute the adaptive laws in (26), (27) and
control law in (20), and then obtain the control signal in
2.

The parameters of the adaptive backstepping method in

[20] are chosen as ¢y = 15, y =T =5 =0.5.

The simulation results are shown in Figs. 5, 6 and 7. The
system output x; tracks the desired reference signal y,, as
shown in Fig. 5. The control input u(z) is shown in Fig. 6,
and tracking error e;(¢) is shown in Fig. 7.

@ Springer

In Fig. 5, we can find that these two approaches can
handle this hysteretic problem appropriately. In Fig. 7, the
system reaches the steady state at about 1 s using these two
methods. In order to evaluate the effectiveness of these two
controllers, the Mean Square Error (MSE) is adopted and
given as follows:

n

MSE:%Z(ym _yi)z :%Zez‘zv (34)
i=1 i=1
where i is the index of the n points over which the MSE is
computed.
The mean square errors of IAFC and ABC are shown in
Table 1: the MSE of the proposed IAFC is smaller than
ABC. Besides, in Fig. 6, the control input of ABC has

more severe chattering effects than the proposed method.

Example 2 Consider a second-order IPS with hysteresis,
which is shown below:

X] =X
. mix? cosx; sinx;
_ mx cos X1
)&2 _ gsmx; M.+m M.+m (U(M)
14— m(cosx;)’ 14— m(cosx;)? ’
37 "TMom 37 “M.m
y=xi

(35)

where x; is the angular position of the pendulum, x, is the
angular velocity of the pendulum, g = 9.8 m/s® is the
gravitational acceleration, m. = 1 kg is the mass of the
cart, m = 0.1 kg is the mass of the pole, and / = 0.5 m is
the half-length of the pendulum. The control objective is to
ensure the system output x; with initial state xo = [7/12, 0]
which can track the desired reference signal
ym = (n/30)sin(¢). The backlash-like hysteresis pa-
rameters are the same as the previous example.

Table 1 Mean square errors of ABC and IAFC

Control algorithm Mean square error

Adaptive backstepping control 7.5602 x 1074
Indirect adaptive fuzzy control 3.4384 x 107*
Table 2 Initial value of 040)
M, M,

—/6 —n/12 0 /12 /6
—m/6 =5 -1 0 1 5
—n/12 -5 -1 0 1 5
0 =5 -1 0 1 5
n/12 =5 -1 0 1 5
/6 =5 -1 0 1 5
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Table 3 Initial value of 0,(0)

Table 4 Mean square errors of ABC and IAFC

Ug, Hg, Control algorithm Mean square error
—1/6 —n/12 0 n/12 /6 Adaptive backstepping control 1.697 x 10~
—/6 0.126 0.136 0.146 0.136 0.126 Indirect adaptive fuzzy control 8.5397 x 107°
—n/12 0.126 0.136 0.146 0.136 0.126
0 0.126 0.136 0.146 0.136 0.126 Step I: Select the design parameters: the learning rates
n/12 0.126 0.136 0.146 0.136 0.126  y; =50 and y, = 0.1 for (26) and (27), respectively;
/6 0.126 0.136 0.146 0.136 0.126  control parameters are the same as in the previous example.
Step 2: Compute the fuzzy basis functions with the
adaptive fuzzy membership function as below:
0.25 T R T — (,M)
eference Signal Ui (xi) = g (xl-) =e T/,
0.2 Adaptive Backstepping || ! . !
----- Indirect Adaptive Fuzzy fori=1,2; I=1,2,---,5
0.15 where [c1, ¢, ¢3,¢4,05) = [— %, —5,0,5 %]
= ; ) ) Step 3: Compute the adaptive laws in (26), (27) and
—: o1 ,:"\_ .'A\ ."\ 77777777 ,ﬁ\ 77777777 ! ,\“\’,“\ A control law in (20), and then obtain the control signal in
B\ ] e
) ;‘ I il i ‘.‘ ! r‘ Ji “‘ l ". i' The parameters of the adaptive backstepping method in
g 0 i\ j "‘ iv 1 \ \ [ | [20] are chosen as ¢; = 35, y = = n=0.6.
005 '1i I | ‘u f b - 'f The simulation results are shown in Figs. 8 and 9. The
\',‘E A / i ",' \\ f ‘\ ,-i \ ! system output x; tracks the desired reference signal y,, as
-0.1 ] LY \2 Y A V- shown in Fig. 8. The tracking error e;(#) is shown in Fig. 9.
Besides, the mean square errors of the two approaches are
015 5 10 15 20 25 % 35 40 shown in Table 4. As we can see, with faster rise time and
Time (s) smaller steady-state error, the proposed IAFC outperforms

Fig. 8 Output y tracks reference signal y,,

0.1

Adaptive Backstepping
Indirect Adaptive Fuzzy

0.05

or\\,w

-0.05

-0.1

Tracking Error e(t)

-0.15

-0.2

-0.25

Fig. 9 Tracking error e,(f)

The initial values of 040) and 0,(0) are shown in

Table 2, 3.

20 25
Time (s)

30

Construct the IAFC for the nonlinear system:

35

40

the adaptive backstepping controller.

Example 3 Consider a single-link manipulator with the
following dynamic equation [29]:

Xl =X
xZ = _<drx2 + mrgvlr cos(xl))/J + (1/‘1)0) + d<t> )
Yy =X
(36)

where x; is the angular position of the manipulator and x; is
the angular velocity of the manipulator. m, is the mass of
the payload, I, is the length of the manipulator, J is the
inertia coefficient, and d, is the damping factor. d(7) is the
external disturbance, which is a frictional model as given
below:

d(r) = _(sgn(xz(t))]c, +v,x2(1)) |

where ¢, is the Coulomb friction torque, and v, is the dy-
namic friction coefficient. The parameters are chosen as
m, =5 + 4sin(t), [, = 0.25 m, d, = 2 kg m?/s, v, = 0.3,
¢, = 1.5, J = 1.33m,I%, and x(0) = [n/6, 0].

The control objective is to ensure that the system output
x; can track the desired reference signal y,, = sin(f). The
backlash-like hysteresis parameters are the same as Exam-
ple 1 and Example 2.

(37)
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Table 5 Mean square errors of ABC and IAFC

Control algorithm Mean square error

1.5
IR \ N \ N
NN VA
f1 i Vi
AU R A
~ 1 1
: ‘I E f' 3 1 ,f i |
] \ | [ \ {0 | \
& ol 1 Voo b
7 1 1 IR VT !
5 ! ! ' fid Vo \ |
= 1 |
3 | ! AR R {
A R T B P f
It f i ST
V/ { "i Vi \}
-1 i \ ‘.l' \J \' "
Reference Signal
Adaptive Backst epping
----- Indirect Adaptive Fuzzy |!
1'50 5 10 15 20 25 30 35 40
Time (s)

Fig. 10 Output y tracks reference signal y,,

0.4

Adaptive Backstepping
Indirect Adaptive Fuzzy []

0.3

0.2h

0.1H -

-0.1

-0.2

Tracking Error e(t)

-0.3

-0.4

-0.5

-0.6
0 5 10 15 20 25 30 35 40

Time (s)

Fig. 11 Tracking error e;(f)

Construct the IAFC for the hysteretic robotic manipula-
tor problem:

Step I: Select the design parameters: the learning rate
71 = 50 and y; = 1 for (26) and (27), respectively; control
parameters are identical to Example 1.

Step 2: Compute the fuzzy basis functions with the
adaptive fuzzy membership function as below:

_i—¢p)
:uFf(xi) :,L‘G;"(Xi) :e( 2 ),
fori=1,2;1=1,2,---,5

where [C],CQ,C3,C4,C5] = [_%’_%a a%ag]‘

Step 3: Compute the adaptive laws in (26) and (27) and
control law in (20), and then obtain the control signal in
(21). The initial values of 0(0) and 0,(0) are set to zero
vectors.

The parameters of the adaptive backstepping method in

[20] are chosen as ¢; =35,y =T =51 =0.7.

@ Springer

Adaptive backstepping control 0.0030

Indirect adaptive fuzzy control 0.0016

The simulation results are shown in Figs. 10 and 11. The
system output x; tracks the desired reference signal y,, as
shown in Fig. 10. The tracking error e;(r) is shown in
Fig. 11. Besides, the mean square errors of the two
approaches are shown in Table 5. In this more complex
hysteretic system, both of the approaches can reach good
performance. However, referring to the MSE, the proposed
IAFC can achieve better performance than the adaptive
backstepping method.

5 Conclusions

In this paper, a new “feedback + feed-forward” control
strategy for real applications is presented to deal with
nonlinear hysteretic problems. However, ideal controller
cannot be derived directly; hence, an IAFC is proposed to
approximate the ideal controller. Then, using Lyapunov
theory, the stability of the closed-loop system and the
tracking performance can be guaranteed. Finally, the
simulation results demonstrated that the proposed approach
can achieve excellent tracking performance for the hys-
teretic IPS with unknown nonlinear gain, which cannot be
handled by previous approach. Further studies would focus
on real industrial applications to verify the effectiveness of
our proposed approach. Besides, we will extend our pro-
posed IAFC to deal with different kinds of hysteretic
problems in this research area.
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