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This paper develops an adaptive dynamic surface algorithm for designing the control law
for uncertain hysteretic structural systems with seismic disturbances that can be con-
verted to a semi strict feedback form. Hysteretic behavior is usually described by
Bouc—Wen model for hysteretic structural systems like base isolation systems. Adaptive
sliding mode and adaptive backstepping algorithms are also studied and simulated for
comparison purposes. The presented simulation results indicate the effectiveness of the

proposed control law in reducing displacement, velocity and acceleration responses of
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1 Introduction

The protection of engineering structural systems from natural
events is important specifically in the regions with high seismic
activity. Control systems have been proposed to mitigate struc-
tural responses from dynamic loads. While the idea of structural
control systems has been developed in a short time, the theoretical
ideas have reached practical possibility [1-3]. The base isolation
system is a useful mechanism for improving building structures
response to dynamic excitation in seismic designs. An active base
isolation system is defined by using an actuator, which provides
the damping to the structure. The effectiveness of an active con-
trol strategy coupled with base isolation system has been shown in
Ref. [4]. Active control systems operate by using an external
energy supply where the control forces are applied by means of
actuators. These can control the structural systems for a broader
range of loadings, on the condition that it is technically feasible,
and the required energy can be supplied [5].

Many physical systems and devices have hysteretic behavior as
one of the most important existing nonlinearities. These systems
may exhibit undesirable properties such as instability and oscilla-
tions. Thus, modeling and control of hysteretic systems have been
one of the challenging issues, which have attracted attentions
recently [6,7].

In structural control systems, the hysteretic behavior can be
caused by the presence of isolation devices, bearings, semi-active
magnetorheological (MR) dampers [8], or other hysteretic control
devices. Moreover, Hysteretic behavior can be described by
Bouc—Wen models [7,9,10]. The Bouc—Wen model has been used
extensively to describe the hysteresis phenomenon in the areas of
smart structures and civil engineering. It consists of a first-order
nonlinear differential equation that relates the input displacement
to the output restoring force in a rate-independent hysteretic way.
The parameters that appear in the differential equation can be
tuned to match the hysteresis loop of the system under study [9].
The system identification schemes have been developed for
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the structural system with acceptable control force. Moreover, using dynamic surface
control (DSC), the study analyzes the stability of the controlled system based on the Lya-
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Bouc—Wen hysteretic systems [1-3]. Preliminary isolation sys-
tems have been applied in building structures to enhance the struc-
tural performance by reducing floor acceleration and decreasing
force demand on superstructures [11,12].

The research on DSC has been developed extensively since
1997 [13-15]. DSC is an improved backstepping control (BSC)
technique, and its design process is performed in a step-by-step
style. A feedback controller is designed to guarantee the input-to-
state stability of the corresponding subsystem at each step of the
design. The primary advantage of DSC is to introduce a first-order
and low-pass filter (LPF) of the synthetic input in which the prob-
lem of terms explosion, existing in the backstepping design
approach, can be modified.

Recently, some researchers [6,14] have considered adaptive
DSC (ADSC) of various nonlinear systems containing uncertain
parameters. Moreover, the stability and performance for the DSC
are tested numerically using a convex optimization tool in
Ref. [16]. Zhang and Lin proposed a robust ADSC for a class of
uncertain perturbed strict-feedback nonlinear systems with an
unknown backlashlike hysteresis [17].

This study adopts the Bouc—Wen model in order to represent
the hysteretic base-isolation system behavior. It has been previ-
ously indicated that the nonlinear part of the Bouc—Wen model is
uniformly bounded while the upper bound could be derived as a
definite function of the model parameters [18]. Numbers of con-
trol procedures for the hysteretic structural systems have been
applied in theoretical researches [11,18]. But implementing an
adaptive dynamic control system and analysing its performance
have not been performed for a hysteretic structural system with
the Bouc—Wen model representation. Thus, an active and adaptive
controller is designed and used to reduce the effects of seismic ex-
citation in order to stabilize the controlled system and improve the
structural responses. In this paper, an ADSC is introduced and
applied for seismic mitigation of a hysteretic structural system
with unknown parameters. Hence, it could be considered as the
first attempt to implement an ADSC method for unknown nonlin-
ear systems having the Bouc—Wen hysteresis and dynamic uncer-
tainties. Meanwhile, a comparison between the ADSC method
over the adaptive BSC [18] and adaptive sliding mode control
(SMC) [19] techniques has been performed and the advantages of
the DSC to BSC and SMC are verified by simulation results.
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Moreover, the stability of the closed-loop controlled system with
proposed control law is proved and presented based on the Lyapu-
nov theory.

2 DSC

The standard design procedure of the DSC to stabilize a Lip-
schitz nonlinear system was originally proposed by Swaroop et al.
[14,16]. The class of nonlinear systems in strict feedback form is
given by

X1 =x2+fi(x1)

Xy = x3 + folxr, x2)

(D
).(nfl = Xn +f;171 (x17 ~~~7xn71)
Xp = u+fu(x1, o Xy)
where xi, xa, ..., X, are state variables, and f, f>, ..., f, are the
smooth functions. The first error surface is defined as
Spi=Xx1 —Xia ()

where x4 is the desired value. After taking the time derivative of
S1, the following relation is obtained:

Si=x2 +fi(x1) — ¥ (3)
Then the sliding condition, S1$1 < 0 1s satisfied if x, = X, where
X2 =X —filx1) — KiS) 4)

The next step is to make x, — X5, so the second error surface is
defined as

Sr:=xp — Xy 5)
where x,, equals ¥, passed through a first-order LPF as in Eq. (6)
Takag +xa = X2, X24(0):= X2(0) (6)
Carrying on with this process for2 <i<n—1
Sit=X; — Xig @)
Xip1 = Xig — filx1, -, Xi) — KiS; (3)

where K; are the controller gains. x;,1, is obtained by filtering
Xit1 as

Nonlinear System

MSS

LPF
DSC

=|

Xq

Fig.1 Schematic representation of DSC
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Tis1Xig1d + Xiv1a = Xir1,  Xip14(0) := Xi41(0) )

After continuing this procedure, Egs. (10) and (11) are derived

Sn:: Xn — Xnd (10)
Xp — X
n—nd_fn(xlamaxn) _KnSn

u:xl‘l([_f;l(x17"' T
n
(11)

7xn) - KnSn =

The structural design procedure for the DSC is shown in Fig. 1.
DSC includes blocks of multiple sliding surface and LPF. These
LPFs allow designing when the model is not differentiated, and
the problem of “explosion of terms” could be solved [14]. The
design procedure of DSC has been applied to a perturbed strict-
feedback form (12) with unknown constant system parameters in
Ref. [17]

xi = giXi+1 + Olfl(xl) +Ai(x7t)’ i= 1,...,1’1 -1

. _ (12)
Xy = bu+ ann (xn) + An(x7 t) +dy
where ¥; = [x1, X2, .,.,xi]T €R i=1,..,n are the state vectors
with X, = x, g;, 0; are unknown constant system parameters, A;
are unknown perturbed terms, d,, is a bounded disturbance term.

3 Hysteretic Structural System

Consider a nonlinear seismically excited base-isolation system
as a hysteretic structural system, which is modeled as
mi + cx + O(x, 1) = f(t) + u(t) (13)
where m and ¢ are the mass and the damping coefficients, respec-
tively; @ characterizes a nonlinear restoring force, where x gives
the position, and f(¢) is a bounded unknown exciting force given
by the earthquake ground acceleration and u(7) is an active control
force applied by suitable actuators. The hysteretic behavior can be
due to the presence of passive rubber bearings, isolation devices,
semi-active MR dampers, or hysteretic control devices. In
Bouc-Wen model, the restoring force ®(x, ¢) is represented by the
superposition of an elastic element ogrx(f) and a hysteresis ele-
ment (1 — o9)Drw(r) as
D(x, 1) = aprx(r) + (1 — ap)Droo(t) (14)
where D > 0 is the yield constant displacement and o € (0,1) is
the post- to pre-yielding stiffness ratio. The hysteretic component
involves a nondimensional auxiliary variable, (), which is the
solution of the nonlinear differential equation as follows:
@ =D~ (Ax — Boli]|o|" '@ — Ai|w|") (15)
where A, f5), and A are nondimensional parameters for controlling
the shape and size of the transition from elastic to plastic response
[18]. Figure 2 shows the sample hysteresis loop shapes with
known base isolation parameters in Table 1.

The mechanical aspect of the problem is to design an active
controller, which is supplied by appropriate actuators to decline
the effect of an earthquake excitation. The effect of a base isolated
system is to decrease the seismic lateral forces on a structure. This
system isolates the shaking of the ground from the shaking of the
structure and minimizes damage to the structure. It is the principle
component in base isolation installed to provide passive and
active protection of structures against earthquakes. The passive
resistance is due to the physical design of the isolator between
the base and the foundation. The active protection is added by a
controller that provides forces generated by our designed feed-
back control law. Designing a DSC adaptive control law with
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Fig. 2 (a) Variation of nondimensional auxiliary variable, »(t) with respect to the position,
x(t). (b) Variation of restoring force, ®(t) with respect to the position, x(t).

closed-loop stability and small tracking error is the control objec-
tive in this paper.

4 Controller Design

In this section, an ADSC design is developed for a hysteretic
structural system. Also, the adaptive laws of BSC and SMC for
hysteretic systems have been reviewed.

4.1 ADSC Design for a Hysteretic System. The structural
and isolation parameters are uncertain parameters. The residual
effect of the hysteresis can be treated as a bounded disturbance
with unknown bound. The bound involving the effect of the hys-
teresis and the external disturbance is estimated using an updating
law. In this section, an ADSC technique is proposed to cope with
the hysteretic structural system described by the perturbed strict-
feedback form

Xl = X7
R
1 c oK 1 ——
Yo =—u(t) — —x — 4 — f(t) = (1 — o) Droo(r)
m m m m

16)

where x = [xi, xz]T is the state vector. The second equation of Eq.
(16) can be written as Xy = bu + O5f2(x) + Aax(x,t) + d» where
dy = (1/m)[f — R] denotes a bounded disturbance term satisfying
|d2| < d, because |[f(1)] <F, R < (1 — opin)DmaxKmaxmax|m(t)],
and max|w(¢)| exists and its upper bound can be determined.

The output () is uniformly bounded if the parameters of the
system (15) verify the inequalities in Table 2, for any bounded or
unbounded piecewise continuous signals x and x based on the pro-
posed theorem in Ref. [18]. The variables wg and w; are defined

Table 1 Parameters of the hysteretic system
Parameter Description Value for the system
m Mass (x 1000 kg) 156
k Stiffness (x 1000 N/m) 6000
c Damping (x 1000 N s/m) 20
o Stiffness ratio 0.6
D Yield constant displacement (m) 0.6
A, By, A Control the shape and size 1,0.1,0.5

of the hysteresis

n Smoothness 3

Journal of Dynamic Systems, Measurement, and Control

as wg = /A/(B+ 1) and v, = {/A/(L — ). These variables

are used in Table 2 for specifying the output signal and initial con-
dition bounds. The proof of this theorem is given in Refs. [18] and
[20].

b=1/m, 0, =c/m, and dynax are unknown constant system
parameters, and they will be estimated online. f>(x) = —x; is a
known smooth function. Ax(x,t) = —opkx;/m is a disturbance
term satisfies Eq. (17)

< p ()C) _ Omax Kmax X

Miin

Ao (x,1) 17)

There are two steps in the design procedure. The actual control
law u is deduced in the second step.

Step 1. The first surface error is defined as §; = x;. To meet our
control objective. the desired state variable x), is set to zero, then

Sy =% =x (18)
A virtual control signal is chosen based on Eq. (18) as
X2 = —ki1Si 19)
Let x, pass through a first-order filter to obtain x,, as
ToXoqd + Xoa = X2, X24(0) = %(0) (20

where 1, is the time constant.
Step 2. The second surface error is defined as S, = x; — x24,
then

SQ :)%2—de:bu+02f2(x)+A2(x,t)+d2—)'c2d (21)

Table 2 Boundedness of the hysteretic part of the Bouc-Wen
model

Case Q |(7)| bound
A>0 fo+2>0and fy—72>0 R max(|wol, wo)
Bo—2<0and By >0 [, 0] max(|a|, wo)
A<O fo—72>0and iy +1>0 R max(|wol, )
fo+A<0and i, >0 [—wo, ]  max(|wy|,wr)
A=0 po+2A>0and fy—72>0 R |o]
Other cases %)
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Let { = 1/b, then the control law is designed as u :Afﬁ. Z is the
estimate of {, and it is updated by { = —y,(aS> 4+ n;{). 7, and #;
are positive design parameters, and

it = —kaSy — Oafs(x) — S2p3(x) /26 + 520 — sgn(S2)d  (22)
where ¢ is any positive constant. 0, and d, which are the estima-
tions of 0, and d, respectively, are updated by Egs. (23) and (24)

= 72(F(x)S2 — 1,02) (23)

d = 7,(1S2] = nad) 24)

4.2 Adaptive BSC Law for a Hysteretic System. The adapt-
ive BSC law (25) and parameter estimation laws (26) in Ref. [18]
are considered for simulation, calculating evaluation criteria, and
comparison with our proposed ADSC in this paper

2

AT v N .
u(t) = —0 ¢ —c; (_1(x2 —y,)m — Emzl — Wdzzzrz + my,
VMmax 2 . |ZZ|
o n sg(v)cf(—v )gF (25)

A M2 v ~ ~
0 =0Tz~ Tay 10]1/M0 )0

MimaxV?

N 1 n 1 1. «¢. V AW
M =YMmax | —X2 +—21 ==V, ——, |22 —7-0 m
Pmax \ (X2 I T e T g Y JR T g Miax

0, y<1 -1, y<-&
1
a(y)=9 y—1, ye[1,2] sg(y)= el yE[—¢2,8]
17 yZz 17 ngz

(20)

where ¢y, ¢3, da, g, I, Gy, G, and ¢ are design parameters. 0 is
the constant vector of uncertain parameters and ¢ is the regression
vector. The adaptive BSC law involves model differentiations and
terms explosion but DSC law prevents this problem [14].

4.3 Adaptive SMC Law for a Hysteretic System. SMC sys-
tems have been known to be robust in the presence of perturba-
tions [19]. Considering the sliding surface in Eq. (27) and the
adaptive law (28) and (29) the controlled system in Eq. (16) con-
verges to the sliding surface s(¢#) = 0. The modification in Eq.
(30) can be used in the practical implementation [19]

s(x1,%2) = X2 + oxy @7

0= (20— ) =+ G+ Bsent)| 29
B =lsl, B(0)>0 (29)

B=—vB+ls (30)

5 Stability Analysis

The analysis of stability and transient performance of the pro-
posed DSC scheme, which develops the techniques given by Refs.
[14] and [17], will be presented in this section. Although the

091007-4 / Vol. 138, SEPTEMBER 2016

design procedure is simple, the derivation of the LPFs makes the
stability analysis complicated. To this aim, define y, as

€1V

Y2 = Xog — X2 = Xog + k151

where X, is given by Eq. (19). Further, define the estimation errors
as

0r=0,—0,,0=0~(,d=d—d (32)
Using Egs. (31) and (32), we can write Eq. (18) as
Si=—kiSi +S2+y (33)
We can rewrite bu in Eq. (21) as
bu = bli = b(E + )i = bli + @ (34)

Taking Eqgs. (22), (32), and (34) into consideration, Eq. (21) can
be rewritten as

82 =—kaSs = Oafs (x) + (Ag — S23 (x) /28) +dy — sgn($2)d + bl
(35)

Since Xpy = X3 — X24/T2 = —y2/72. From Eq. (19), we obtain

Yo = —y2/12 +kiS1 = —y2/12 + By (36)
where B, is a continuous function.

THEOREM. Consider the closed-loop system (16), (33), (35), and
(36). Let the Lyapunov function candidate be defined as

1 b 2 1 -2 1=
Ve (43 + 82+ 20+ —0+—d 37)
2 Ve Y02 Vd

Then for any given positive number p, if V(0) < p, there exists
design parameters, ki, k2, T2, V¢, Vo2, Va» N> Mo» Ha» Such that all the
closed-loop signals are uniformly bounded and the tracking error
converges to a residual set that can be made arbitrarily small by
appropriate choosing of the design parameters. The proof of the
theorem is presented in this section.

Proof. The time derivative of V yields

V =818t + 323, + 525> +bii/y¢ + 020270, +dd [y, (38)

The inequalities S,A; < [S5]p,(x) <
Using Eq. (33), it is obtained that

$3p3(x)/2e +¢/2  hold.

$1S1 < (=kiSi* + 8182 + Siya + Sica +3,81 +¢/2)  (39)

Moreover, using Eq. (39), it is obtained that

$185 < (—kaSy? + bLiiSy + Sad — |S1|d — Oaf> (x)S5 + £/2)
(40)

In view of Egs. (36), (39), (40) and substituting the adaptive laws
into Eq. (38) yields

V < —kiST+ 8182 + S1y2 — koS5 — ngbZZ — ngdd — 1400

—¥3/T2 + |y2Ba| + ¢ (1)

Consider  the sets Q= {(y:,y..5,): »+y,+¥, <Bi},
22 -2

Q1 ={ST+y5<2p}, and Q= {S} + 3 + b /7 + 05/pp +

Jz/yd + 8% < 2p} which are compact in %3, %2, and R°. There-

fore, |B,| have maximum, i.e., M, on Q x Q;. Using the inequal-

ities S15, < S% + S%/4 and Sy, < S% +y%/4, we have
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Fig. 3 Time responses of the uncontrolled hysteretic structure: (a) displacement, (b) velocity,
(c) acceleration, and (d) Taft earthquake acceleration record
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Fig. 4 Time histories of the controlled system using ADSC: (a) displacement, (b) velocity, (c)
acceleration, and (d) Control signal (acceleration, u(t)/m)
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V < —kiS? 4383 +83/4 + 33 /4 — kaS2 — :bCC — ndd

— 11,0205 — Y3 /12 + |y2Ba| + & (42)

In the inequality (42), ky =3 +a, ky = 1/4+4a, n, = 2a/yy,,
Ne = 2a/y;, 0y = 2a/y, in which a is a positive constant. Also,
note that Ez = Zz + (Z, dd = jz +dd and @)292 = é; + 0,0,.
Hence, the following inequalities hold:

bl < —nb(@ — )2, —n,dd < —ny(d* — &)/2,
— a0y <~y (B, — 03)/2 43)
From Egs. (42) and (43), we obtain that
V < —aS3 —a(bl [y; + 03 /v + bd’ [7,)
+ (y3/4 — 3 /72 + [2Ba]) (44)

1202 /2 4+ nbC 2+ nyd?[2) + &

We have |y,B| < y3M3 /2 + /2 for any positive number . Let
Uty =1/4+M2/2+a, ey = 1,05/2 + n:b /2 4 n,d* )2 + e,
then we have the following inequality:

V3/4 = Y3/t + y2Ba] < —ay; + /2 @5)
Replacing Eq. (45) in Eq. (44), it follows that:
V < —2aV + ey + 12 (46)

Let a > (ey + 1/2)/2p then V. <0 on V =p. That is, V < p is
an invariant set, i.e., if V(0) <p, then V(¢) <p, for all ¢+ > 0.
Solving the inequality (46), we obtain

V(1) < (em + 1/2)/2a + (V(0) — (em + 1/2)/2a)e™ " (47)

which implies that lim,., V(¢) = (ey + p/2)/2a. Thus, all
closed-loop signals are uniformly bounded.

0.4 —
|"_’/’—/ -
0.3 ]
£ ;”/3/
£ 02 4
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=
0.1 f
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(c)
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0.02 f
0
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6 Results and Discussion

The objectives for structural control systems are reducing struc-
tural responses such as displacement and acceleration in the base
level and thus, making the base isolator work in its elastic region.
Also, decoupling the dynamic movement of the main structure
from the base motion is desired in these systems [21].

In this section, the effectiveness of seismic mitigation using
ADSC has been demonstrated through numerical simulations. The
parameter values for the hysteretic system are taken from Ref.
[18] and are shown in Table 1. The possible changes of the struc-
tural parameters could be due to the effect of likely faults in the
base isolation system. The constant values given in Table 1 are
chosen as the true nominal parameters for the hysteretic system. It
is not required to know the exact values of these parameters to
implement the adaptive controllers. Also, the initial values of the
system parameters are different from their true nominal values.

The reference trajectory is set to zero, because the control objec-
tive is to mitigate the seismic response of the system. The selected
values for the set of DSC parameters are k; = ky =10 =1, =
ne =n,; = &=0.01 and yyp, = 7, = 1. Increasing the surface gains
makes the system more robust. Also, increasing the control gains
and time constants makes the closed-loop system unstable. Accord-
ingly, a systematic method for choosing appropriate gains and filter
time constants for a DSC has not been fully addressed yet in the lit-
erature [16]. However, better performance with acceptable control
effort is the criterion of parameter tuning in this research.

Taft earthquake is considered as the external excitation in this
paper. Taft Lincoln station is in Kern Country and its moment
magnitude is 7.4, and its peak ground acceleration is 0.1 g. The
earthquake record is available in Pacific Earthquake Engineering
Research Center: NGA Database. Also, Taft seismic was used as
a standard earthquake which was used in Ref. [18] and the time
history of the acceleration of this earthquake is illustrated in Fig.
3. The simulation parameters for ASMC are o =0.5,

n=0.1, v=1. The parameter values for adaptive BSC and
adaptive SMC are chosen as in Refs. [18] and [19] and so the cho-
sen parameters would enable a fair control performance compari-
son between ADSC and other two approaches as seen in
simulation results.

4
e
3 —n
Q
£ 2
s 7
=
1
0
0 10 20 30
Time (s)
(d)
0.2
0.15
&
@2
£ 01
o == Controlled ABSC
- A Controlled ASMC
05 / Controlled ADSC
|
0 i
0 10 20 30
Time (s)

Fig. 5 Performance criteria Jo—J2
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Table 3 Performance criteria for controlled and uncontrolled systems

Criteria Units Uncontrolled Adaptive SMC Adaptive BSC ADSC
J1 = max(|x(z))) mm 29.43 1.89 1.29 1.18
Jy = max(|x(r)]) mm/s 195.96 29.68 17.27 16.32
J3 = max([5(r)]) m/s? 1.89 0.69 0.50 0.45
Jy = max(|u(t)|/m) m/s? 0 0.63 0.96 0.97
Js = (& [¢ 2()ar)'? mm 10.89 0.39 0.35 0.33
Jo = (& [o&2(r)dn)'? mm/s 68.42 3.53 3.41 3.19
Iy = (& fe@2(r)dn)'? m/s? 0.47 0.09 0.09 0.08
Ts = (&[4 (u(t) /m)*ar)'/? m/s? 0 0.19 0.19 0.19

Displacement, velocity, and acceleration responses of the uncon-
trolled and controlled systems using proposed DSC are illustrated
in Figs. 3 and 4. Considerable reductions are seen for the controlled
system in comparison with the uncontrolled cases in Fig. 3.

After r = 20s, the excitation stops, and the uncontrolled cases
correspond to the free vibration responses. The open-loop system
exhibits a light damping behavior, but the proposed control drives
the response toward zero rapidly, and introduces a significant
damping effect into the controlled system. Comparing with the
other methods, controlled system performance is improved for
DSC, and a reduction in the magnitude of displacement, velocity,
and acceleration can be observed for DSC.

A set of performance criteria [22] is used here for comparing
the controlled and uncontrolled cases. J; —J4 are, respectively,
defined as the maximum peak values of absolute displacement,
velocity, acceleration and control signal (u(r)/m). Js —Jg are
defined as the RMS values for the absolute displacement, velocity,
acceleration and control signal, respectively.

Results of the measured performance criteria for the uncon-
trolled and controlled cases are presented in Table 3. The reduc-
tion is seen in displacement, velocity and acceleration of the
controlled structure in comparison with the uncontrolled structure
in both viewpoints of the maximum peak and root-mean-square
(RMS) values. When the adaptive BSC is compared with the
DSC, the DSC outperforms adaptive backstepping in all perform-
ance criteria. The maximum absolute J4 and RMS value Jg of the
control signals are almost the same for two DSC and BSC control
techniques. These indices are related to the control effort but not
direct indicator of energy consumption of the control system.

Furthermore, four new performance criteria are defined to pro-
vide a better comparison

- 1/2 L 1/2
Jo=| =| *@)dt Jio=| =| #@)dt
9 TJOX (1) » J10 TJOX (1) )

1(* ) 172 ot ) 1/2
Ju=|=| x(r)dt Jo=1| = t)dt 48
w= (7] #oa) = (7] w0 @)

These indices are used to consider the RMS values of the response
and control signal for each time of the simulation. The indices Jo,
J10, and Jy; are illustrated in Figs. 5(a)-5(c) for different control
methods. The indices for the DSC have the lowest values as com-
pared to the other methods which show the better performance of
the DSC. Figure 5(d) shows the control effort of the different con-
trol methods. The control effort of BSC and SMC are slightly less
than DSC method as seen in Fig. 5(d), instead the performance
criteria for displacement, velocity, and acceleration responses are
reduced significantly as seen in Figs. 5(a)-5(c).

7 Conclusions

The design procedure and implementation of the ADSC for a
hysteretic structural system have been presented in this paper. The
controller design utilizes the first-order and LPFs to avoid model
differentiations, and it overcomes the problem of terms explosion
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of the adaptive backstepping approach. The results of the study
indicate that the presented control law can stabilize the controlled
system based on the Lyapunov theory. Considering simulation
results and some performance criteria, the proposed control law is
effective in reducing displacement, velocity and acceleration
responses of the hysteretic structural system in comparison to the
backstepping and sliding mode techniques.
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