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ABSTRACT: The adaptive sliding mode control for civil strues using Magnetorheological

(MR) dampers is proposed for reducing the vibratidrihe building in this paper. Firstly, the indate

sliding mode control of the structures using thisd® dampers is designed. Therefore, in order toesolv

the nonlinear problem generated by the indirecttomn an adaptive law for sliding mode control

(SMC) is applied to take into account the contmltebustness. Secondly, the adaptive SMC is

calculated for the stability of the system basedtenLyapunov theory. Finally, simulation resulte a

shown to demonstrate the effectiveness of the peapoontroller.
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1. INTRODUCTION

Earthquake is one of the several disasters
which can occur anywhere in the world. There
are a lot of damages to, such as, infrastructures
and buildings. This problem has attracted many
engineers and researchers to investigate and
develop effective approaches to eliminate the
losses [1, 2, 3].

One of the approaches to reduce structural
responses against earthquake is to use a MR
damper as a semi-active device in building
control [4-5]. The MR damper is made up of
tiny magnetizable particles which are immersed
in a carrier fluid and the application of a
magnetic field aligns the particles in chain-like
structures [6, 7]. The modelling of the MR
damper was introduced in [8], and there are

many types of MR damper models such as the

Bingham visco-plastic model [9, 10], the Bouc-
Wen model [11], the modified Bouc-Wen
model [12] and many others. In addition, a MR
damper model based on an algebraic
expression for the damper characteristics is
used in the system to reduce the controller
complexity [13].

Variable structure system or SMC theory is
properly the

certainties, such as, seismic-excitation linear

introduced  for structural
structures, non-linear plants or hysteresis [14,
15, 16]. A dynamic output feedback control
approach using SMC theory and either the
method of LQR or pole assignment control for
the building structure was used [17, 18].
Application of SMC theory for the building
structures was also found [19]. According to
SMC are
applied for the building structure [20].

characteristics of MR dampers,
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For the control effectiveness of the

systems, it is tackled in this work by means of
an adaptive control motivated by the work in

adaptive control or adaptive SMC [21, 22, 23,
24]. In this paper, an adaptive law is chosen to
apply to SMC such that the nonlinear system is
robust and stable on the sliding surface. In
addition, the stability of the system is proven

based on the Lyapunov function.

The paper is organized as follows. In
section 2, the MR damper is described. In
section 3, the indirect control of a building
structure model is presented with the equation
of motion consisting of nonlinear inputs and
disturbances. A SMC algorithm is applied to
design the control forces in Section 4. An
adaptive SMC is proposed in the system in
Section 5. In section 6, results of numerical
simulation for the system with MR dampers are
illustrated. Finally, section 7 concludes the

paper.

2. MAGNETORHEOLOGICAL DAMPER

There are many kinds of MR damper

models such as Bingham model, Bouc-Wen

model, and modified Bouc-Wen model.

However, the MR damper model proposed here
has the simple mathematic equations for
application in structural control as shown in
Fig. 1, [9]. The equations of the MR damper

[13] are presented as follows:

f =cx+kx+az+ fg, (la)

z=tanh(Bx + dsign(x)), (1b)

C=cCqi +Ccy =332 +0.78, (1c)

K =kji +kg=-i+397, (1d)

a = ani® +agi +ag = —264° + 93973 + 4586,
(1e)

0 =0 +0p =044 +048, (1f)

fo = hyji + hy = -1821i — 25650, (1g)

where i is the input current to the MR

damper, fis the output forceis the

hysteresis function, f,is the damper force
offset, =009 is a constant against the

supplied current values,ais the scaling
parameter andc,k are the viscous and

stiffness coefficients.

/ hystereW —
/]

-JI damping
/] spring ko >
A\ N/
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/ —1 | | displacement
/ >

Fig 1. Schematic of the MR damper
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3 CONTROL OF BUILDING earthquake, (t) , the responses to be regulated

STRUCTURE are the displacements, velocities, and

Consider the civil structure with n-storey ~ accelerations X,X,X) of the structure, where

subjected to earthquake excitatiiy(t) as X is the displacement of the floors. The
controller with the current driver will excite the
shown inFig. 2. Assume that a control system .
] ) MR dampers and the forcéswill be generated
installed at the structure consists of MR o ) )

) to eliminate the vibration of the structure. The
dampers, controller and current driver. When _ _ _

) ) outputy is an r-dimensional vector.

the structure is influenced by the

. Nictiirhan
X, X
» MR fl =%}—> Buildin Yy,
[ u
—1 Current 4—(8)4— Controll [«
Fig 2. The sliding mode control
The vector equation of motion [2] is matrix denoting the location of r controllers
presented by and AOR"is a vector denoting the influence

MX (t) +Cx (t) +Kx (t) =TT (t) M A%, (1), (2) of the earthquake excitation.

in which Equation (2) can be rewritten in the state-

space form as follows:

— T "
X(t) =[x %2, %], x()OR%s - an n z(t) = Az(t) + Bof () +Eo(t) . (3)

vector of the displacemerit(t) (0 R" is a vector

where z() OR™is a state
consisting of the control forces¥, (t)is an

o _ vector, A JR*™?"is a system
earthquake excitation acceleration, parameters

MOR™ COR™ K OR™are th matrix,B, JR*™is a gain matrix and
: : are the mass,

2n H H
damping and stiffness matrice§.(1R™is a E,OUR s a disturbance vector,

respectively, given by

X 0 | 0 07.
N PN ISR R PN [ P

From Eq. (1), we can rewrite the equation of the 8&Rper as follows:

f = (c,x+ k,x+ h)i+ (c,Xx+ Kk, x+ h)) + az ()
= Bi+ D,
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where B=(gX+ kx+ h)and

D=(c,x+ k,x+ h)+a z are  non-linear
functions.

Assume that the MR dampers are installed
at floors of the structure to eliminate its
vibration, the equations of the MR dampers can

be rewritten as follows.

fl. =Bj(x)ij +D].(x), i=12,...r (6)
The force equation can be rewritten as

f =B"(x)i +D,, (7

wheref =[f, f,,..., f, ]T is a force vector,

T

i =[i,i,...i,] is a current vector,

D, =[Dy(X), D,(X),...,D. (X)]' can be known
as a disturbance vector aldl (x) O R* is an
gain nonlinear function.
Substitution of Eq. (7) into Eq. (3) leads to
the following
Az =B,[B'(X)i +D,(X]+E,  (®)
where Xandt has been dropped for clarity.

The state equation can be rewritten as

follows

z=Az+Bi+E, (9)
where B=B,B", B (X)OR™is an

unknown gain matrix andE =B D, +Eis

not exactly known, but estimated||ﬂp =p,

the  vector norrﬂE”pis defined as

ok

, p=12,...

I, =[ el

Assume that each MR damper can be
installed at each floor of the structure, we can
rewrite the matrix B  with diagonal

element8. , j=1,2,...r as

o)

Assumptionthe bounds of the elements of

i

B (10)

Bare all known aBH,

j=12,..r. The

matrix ﬁ is definite and invertible and is

defined as

é—o 11
_é”- ()

4. SLIDING MODE CONTROL

The main advantage of the SMC is known
to be robust against variations in system
disturbance. The

parameters or external

selection of the control gain, is related to the

magnitude of uncertainty to keep the trajectory

on the sliding surface.

In the design of the sliding surface, the
external disturbance are neglected, however it
is taken into account in the design of
controllers. For simplicity, letoc =0 be an r
dimensional sliding surface consisting of a
linear combination of state variables, the
surface [14] is expressed as

o=Sz (12a)

taking derivative of the functiomr, we
obtain as

0=Sz (12b)
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in which ¢ OR'is a vector consisting of r
sliding variables,d,,0,,...,0,and SOR™"is
a matrix to be determined such that the motion
on the sliding surface is stable.

In the case of a full state feedback, either
the method of LQR or pole assignment will be
used to design the controllers. The design of
the sliding surface is obtained by minimizing
the integral of the quadratic function of the
state vector.

The SMC output iconsists of two
components as

i=i_+i_, (13)

where i,, i.are the equivalent control

output and the switching control output,
respectively.

A cost function [17, 18] is defined as

J=[z'Qat, (4

after determining the cost matri) and
the LQR gainF in [14, 16], the equivalent

controllerig will be found as follows

i =-Fz.

e

(15)

To obtain the design of the controllers, a

Lyapunov function is considered

V, =0"S(Az +Bi +E) = 0"S(Az +Bi,) + 0'SBI, +E),

where O0'S(Az+Bi)=0 is the
equivalent controller.

The equation is rewritten as

-102 (16a)
50

taking derivative of the Lyapunov function,
we obtain

V=0'0. (16b)

Substitution of Egs. (9) and (12b) into Eq.
(16b) leads to the following

V =0'0=0"S(Az+ Bi+E), (17)

in whichE can be neglected in designing

the equivalent controller. FoW =0'0 = 0,

we can rewrite Eq. (17) as

o'S(Az+ Bi)) =0, (18)

according to the abovéssumption the
matrix B is unknown, its estimatioB can be

used to construct the equivalent contrcﬂ;er

the controller output is presented as follows
i,=—(SB)'SAz. (19)

To design the switching controller,
according to the Lyapunov condition, the

system is stable on the sliding surface if and
only if V <0.

Substitution of Egs. (9), (12b) and (13) into

Eq. (16b) leads to the following

(20)

V, =0"S(Bi,+E) =0 YBi,+p) (21)

For Va <0, we can choose the equation as
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S(Bi, + p) =-77,sign(0),  (22a)

then, the possible switching controller is

depicted by

i, =—(SB)™(1.sign(0) + Sp). (22b)

The SMC output involves two

componentseandigused to  drive  the

trajectories of the controlled system on the

component i, guarantees the states on the
sliding surface and the nonlinear switched
feedback control componentg is used to

compensate the disturbance. The magnitude of
1, >0depends on the expected uncertainty in

the external excitation or parameter variation

so that the system is stable on the sliding

surface.
sliding surface. The equivalent control
] Disturbance
X, X
MR damper S Buildin y
> p : ‘:.Q g >
Adaptive law |e¢-
i : L u
Current driver .‘Q SMC <

»

Fig. 3: The adaptive sliding mode control

5. ADAPTIVE
CONTROL

SLIDING MODE

As shown in Fig. 1, this control system
proposed with a parameter estimator is the
adaptive controller, which is based on the
control parameters. There is a mechanism for
adjusting these parameters on-line based on
signals in the system. In the building structure,
the so-called self-tuning adaptive control
method is proposed as Hig. 3. According to
the figure, the sliding mode control is used to
constrain trajectories on the sliding surface so
that the system is robust and stable onto that
surface. With the adaptive SMC, if the plant
parameters are not known, it is intuitively

reasonable to replace them by their estimated

values, as provided by a parameter estimator.
Thus, a self-tuning controller is a controller,
which performs simultaneous identification of

the unknown plant.

We now show how to derive an adaptive

law to adjust the controller parameters such
that the estimated equivalent contra_,l can
optimally approximate the equivalent control of
the SMC, given the unknown functith. We
construct the switching control to guarantee the
system’s stability by the Lyapunov theory so
that the ultimately bounded tracking is
accomplished.

We choose the control law as follows:

i =i+, (23)
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where i is the SMC output and we use an We will further determine the adaptive law

estimation law to generate the estimated for adjusting those parameters.

parameteré as assumed. Consider the equation of motion as

follows:
7=Az+Bi+E=Az+B(i_+i)+E+Bi_-Bi,, (24)

substitution of Eq. (19) into Eq. (24) leads

o V, =0 S(Bi + Bi .+ E) +(B)) (BY)
2=(B-B)i,*Bi +E (25 = o"SBi_+ (By) (I§y)+aTS(BAiS+ E)
Assume that we have an estimated error (30)

function as follows: The tracking error allows us to choose the
B=B-B (26) adaptive law for the parameté} as
Substituting Eq. (26) into Eg. (25), we can

rewrite the equation of motion as follows: B = [(éy)(éy)T]—l( L5>y) O.TésieyT( ny) -1
z=Bi_+Bi +E (27) : (31a)

. ) From Eq. (26), the following relation is
Now, consider the Lyapunov function

candidate usedB =-B for B = 0, we obtain as

b=%[aTa+(éy)T(By)1 28) S
B=—(BNBYT(BYIBSY ()"

where Jis a positive constant gain of the (31b)

adaptive algorithm. then, the Lyapunov equation is written as
Taking the derivative of the Lyapunov follows:

function in [17], we can obtain as vb — O.TS( BAis +E), (32a)
V, = [UTd+(|§y)T(éV)] (29) according to the above

Substitution of Egs. (12b) and (27) into Eq. estimatiorﬂE"p = pand Assumptioré ., the

(29) leads to as follows: . .
equation can be rewritten as follows:

V, =0"S(Bi, + p) (32b)
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With the adaptive law in Eq. (31), the
asymptotic stability of the adaptive sliding
mode control system can be guaranteed.

Such thatVb <0, we can write as follows:

S(Bi,, + p) = ~17,5ign(0) .(332)

the switching controller can be expressed

as follows:
iy, = ~(SB) [7,sigr(0) + Sol
(33b)
The magnitude of77, >0depends on the

expected uncertainty in the external disturbance
or parameter variation so that the system is
stable on the sliding surface.

Combine Eq. (22b) and Eq. (33b), we

should take
n=max{n,.n.}. (34)

such that the system globally satisfies to be

stable on the sliding surface.

6. SIMULATION RESULTS

Consider the structure of a five-storey
building model which has two MR dampers
installed at the first floor and the second floor
as shown irFig. 4, X =[X, %, %, X,, %] is the
displacement vector,f, and f,are forces of

these MR damper and parameters
m, k.q (i=212,...5) are mass, damping and
stiffness coefficients, respectively.

The corresponding matricesl, C and

K are as follows:

33 0 0 0 O

0 330 0 0 O

0 330 0 0 kg,
0

M=l o (35)
0O 0 0 330
O 0 0 0 337
225 -157 26 -7 2
157 300 -126 25 - 4
Ns (36)
c=| 26 -126 299 - 156 16|
m
7 25 -156 279 - 12
2 -4 16 -125 125
3766 -2869 467 - 234 27
2869 5149 - 2959 446 - 7
kN (37)
K=| 467 -2959 5233 - 2836 280",
234 446 -2836 4763 — 2277

27 =70 280 -2277 205

MR damper

Fixture

Fig 4. The building model with 2 MR dampers
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The coefficentdM, C andK were collected
from a b5-storey model at University of
(UTs).

according to Equation (2) and (3), when there

Technology, Sydney Therefore,
is an earthquake, the forck will be just

changed in order to reduce the storey
displacement. While the coefficent$, C and

K will not change and are often determined

based on storey structures. For example, if the
building structute is 5 storeys, their matrices
are as shown in Equations (35), (36) and (37)
and if it is a 3-storey building, the coefficents

M, C andK will be matrices of 3x3.

@) ®),

accelerations{, and X, corresponding to these

Based on Equation and

MR dampers installed at the building are

% = A+ B +En

= Ay + By(hyiy + Dy) + By (38)
= Ay + Bihyiy + BD; + g,y
= Ay, + Bihjiy + By,
Earthquake: El-Centro
| ; \ \ \'
T S
| | | | |
| | | | |
os il f 71 : fffff R
| | | |
N% MI‘i e u\\ :
= i Al “A‘A‘,".v‘. TP —4
= ‘ il \M"HH"H Iy
RN
ol
| | | | |
| | | | |
T i e
| | | | |
(o) 1‘0 2‘0 3‘0 4‘0 5‘0 60

Time(s)

Fig 5. Earthquake record: EI-Centro

Xo = Py + By fy + Egp

= Anz + By (i, + Dy) + Ep,

= Ay, + By, +B,D, + Ep,

= Az + B, + By,

(39)
where

Aoy = =M (kg +Kp) Xy = KoXo + (G + o) % = Co%,)
Aoz = =My ((Ky + Kp)Xp = KoXg +(Cy +Cp) % = Cy¥y)
and E; =B,D, + E,; and E, =B,D, + Ey, are

the first-floor and second-floor disturbances,
respectively, in whichB, and B, are current
gains.

Control parameters are givenTable 1, in
which p and y are the estimated vector norm

and the positive constant gain.

Table 1.Control parameters

SMC SMC Adaptive SMC
P p y
1 650 500 1
15 0.45 [0.1;-0.5]

Floor displacement(m)

Time(s)

Fig 9. Floor displacement using SMC-2 MR dampers
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Time(s)
El-Centro

dampers
First Floor:
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Fig 10.Floor displacement using ASMC-2 MR

T —

1 e
|
T
|
I e i B

60

30
Time(s)

20

10

Fig 6. Floor displacement-uncontrolled

0.01

(Wwewezedsp JooH

(Wewsoedsp JoH

Time(s)
Second Floor: El-Centro

x 10

Fig 11.Control force of MR damper at first-floor

Time(s)

x 10°

Fig 7. Floor displacement using SMC-1 MR damper

(Whuewsoedsp JooH
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Time responses of floor displacements are
shown in theFigs 5-12 in which Fig 5 is the
El-Centro earthquake recorBig 6 shows the
floor displacement without control. IRig 7
and Fig 8 are the floor displacements using
SMC and adaptive sliding mode control
(ASMC) methods for one MR damper installed
at the ' floor, respectively. In two cases, the
floor displacement using the ASMC shows
better simulation result than that using the
SMC. The results of displacements at the
second as shown irig 9 andFig 10 using the
SMC and the ASMC with MR dampers are
better than that at the firdtig 11 and Fig 12

are control forcesf;, f, of the MR dampers

installed at floor-1 and floor-2. In addition,
Table 2 summarises numerical results of cases
such as uncontrolled, SMC-1 MR damper,
ASMC-1 MR damper, in which the SMC-1
MR damper is installed at level-1 and the
SMC-2 MR damper level-2. For
similarity, the ASMC-1 MR damper and the
ASMC-2 MR damper can be replaced the
SMC-1 MR damper and the SMC-2 MR

damper for the comparison. Moreover, the

is of

different control forces of the first and second
floors were shown as iRig 11 andFig 12 in
order to illustrate that the second floor is less

the displacement than the first floor.

Table 2.Floor displacements from different controls

Uncontrolled SMC-1 dampef ASMC-1 | SMC-2 dampers| ASMC-2
damper dampers
Floo | Max | RMS Max RMS Max RMS | Max RMS Max | RMS
r (mm) | (mm) | (mm) [ (mm) | (mm) | (mm | (mm) [ (mm) | (mm) | (mm
No. ) )
1 6.3 2.2 3.0 0.20 3.3 0.28 2.8 0.40 2.5 0.35
2 9.0 1.7 3.8 0.41 3.4 0.28 3.0 0.50 3.1 0.45
3 12.0 2.0 4.0 0.38 3.2 0.2y 3.3 0.6D 3.4 0)50
4 13.5 2.2 5.1 0.39 5.0 0.30 4.3 0.6D 4.2 0)50
5 13.5 2.3 5.1 0.37 5.0 0.32 4.2 0.5p 4.1 047

7. CONCLUSION AND DISCUSSION

A sliding mode controller (SMC) has been
applied to the control of a building structure
using MR dampers installed at each floor. A
modified controller using adaptive algorithm is
proposed for the building structures. The
stability of the building structure using the
adaptive SMC (ASMC) as shown kfg 8 and
Fig 10 is proven based on the Lyapunov

function candidate. Simulation results when

applying these controllers to a 5-storey model

have illustrated the effectiveness of the
proposed method. In practicular, the
comparison  between  uncontrolled and

controlled floor displacements as showrfig
6 (uncontrolled) andFigs 7-10 (controlled)
show that the floors installed with RM dampers
using ASMC method will be better than that
using SMC method. Moreovefable 2 shows
the displacement numbers of the first and

second storeys using different cases such as
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uncontrolled, SMC-1 damper, ASMC-1 2, max and RMS values are also shown for the
damper, SMC-2 damper and SMC-2 damper, in  comparison of the displacements. In addition,
which amplitudes of controlled methods using numbers show that storeys using ASMC MR
SMC damper and ASMC damper are better = dampers are more stable than that using SMC

than that of uncontrolled method. In tHiable MR dampers.

PIEU KHI EN KI EU TRUQT THICH NGHI CHO C AU TRUC TOA NHA SU DUNG
GIAM XOC MR

Nguyén Thanh Hai”, Dweng Hoai Ngha®, Lam Quang Chuyéen®,
(1) TredngPai Hoc Quic €, PHQG-HCM
(2) Truong Pai Hoc Bach KhoabHQG-HCM
(3) Trwong Caobang Cong Tlrong, Tp.HCM

TOM TAT: Trong bai b4o naygiéu khién kiéu truot cho nhiing cong trinh xay ehg sr dung by
giam xéc MR (Magnetorheologicaf)roc dé xuit cho viéc gidm rung @a tda nhakhi céigng. Pau tién,
hé thang diéu khién kiéu trurot gian tiép cho nling aiu tric xay @ng duoc thiét ké. Tuy nhiéngé gidgi
quyét van dé phi tuyén duwoc tzo ra bsi diéu khién gian tép, mot lugt thich nghi chagiéu khién kiéu
trueot duoc ap ding dé tinh toan s bén viing aia b diéu khién nay. Tép theo, B diéu khién kiéu truot
thich nghidiroc tinh toan chogson dinh aia hé thong dra vao ly thugt Lyapunov. Cdi cung, nliing
két quz mo phing cho tlay s hiéu qui ciia bg diéu kién kién ngh.
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