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ABSTRACT
Magneto-rheological (MR) dampers that belong to the fam-

ily of semi-active devices are widely used for vibration attenu-
ation in space and civil engineering structures. In this paper,
we study the use of MR dampers for seismic protection of a
model two-story structure. A modified Bingham model of the MR
damper is considered for linear parameter varying (LPV) model-
ing and control of the system. The main contribution of the paper
is the design and experimental validation of an LPV anti-windup
compensator to tackle the effect of actuator saturation on con-
trol design performance. The designed LPV anti-windup control
scheme is advantageous from the implementation standpoint be-
cause it can be considered as an addition to the existing control
system. Experimental results demonstrate the effective vibration
suppression of the structure in the presence of the seismic exci-
tation inputs by utilizing an LPV control strategy. An inner/outer
loop control strategy is further developed and implemented con-
sidering the actuator saturation effect to reduce the control effort
and saving the MR damper power consumption.

INTRODUCTION
Magneto-rheological (MR) dampers are semi-active devices

utilizing MR fluids. The MR fluid has the ability to transform

into a near solid material in milliseconds when exposed to a

magnetic field. It can return to its original liquid state, equally

fast upon the removal of the magnetic field. The effect can be

seen as a very large change in its effective viscosity. This al-

lows the damping characteristics to be continuously controlled

by varying the voltage applied to the MR damper. This semi-

active device has been shown to be promising in seismic vibra-

tion reduction in civil engineering structures due to its desirable

mechanical properties [1]. MR dampers have been additionally

applied in a number of other applications including aerospace

systems [2] biomedical applications [3] and automotive suspen-

sion systems [4].

Various models in the literature have been proposed to cap-

ture the dynamics of MR dampers. The Bingham model is an ide-

alized mechanical model based on the Bingham behavior. This

model uses a Coulomb friction element in parallel with a vis-

cous damper [1]. The Bouc-Wen model is another model used to

account for hysteresis in MR damper modeling [5]. The LuGre

model is a simpler model with fewer number of parameters and

has been used effectively in combination with adaptive parame-

ter estimation methods [6]. Black-box approaches have also been

used in modeling and identification of MR dampers [7]. Addi-

tionally, neural network approach have been developed for both

identification and control of MR dampers [8].

Different MR damper control strategies have been proposed

in the past. One control scheme that has received a lot of at-

tention is the so-called clipped optimal control [4, 9]. Erkus et
al. [10] applied the clipped optimal control method for vibra-

tion reduction of elevated highway bridges, where they compared

performance of the LQR-clipped optimal controller with that of

passive and active LQR controllers. Jansen and Dyke [9] carried

out a comparative study between various control methods for MR

damper control, including a Lyapunov-based controller, a de-

centralized bang-bang controller, maximum energy dissipation, a
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clipped-optimal controller and modulated homogenous friction.

The controllers were tested for vibration reduction of a six-story

building exposed to large earthquake excitations. Poussot-Vassal

et al. [11] designed and implemented a controller in the lin-

ear parameter varying (LPV) framework for semi-actively con-

trolled devices. It is noted that the gain-scheduled control de-

sign method in [11] does not consider an LPV model that explic-

itly incorporates the MR damper properties. Du et al. [12] also

developed and tested an H∞ controller for MR-based vibration

suppression in a quarter car model. Guo et al. [8] used a neuro-

network approach in a MR cable vibration suppression, where a

neural network-based controller was designed to emulate LQG

and clipped LQG controllers.

Anti-windup control design is employed to account for the

cases, where the calculated controller output is different from

the signal that is actually entering the plant. Actuator satura-

tion is one of the main reasons why anti-windup compensation is

used. In a linear control design, performance degradation, large

overshoots and possible instability can be encountered if the ac-

tuator saturation is ignored during the linear control design pro-

cess [13]. The goal of anti-windup compensation is to modify

nominal controllers so that if the signal from the controller is

different from that entering the plant, a corrective feedback ac-

tion is taken to reduce the discrepancy. There are two schemes of

anti-windup control where the first one takes the saturation non-

linearity into account from the beginning of the controller design

and in the other one the linear controller is designed first fol-

lowed by a modification to compensate for the saturation effects.

As an example of the first scheme, Teel [14] proposed low-gain

controllers using H∞ optimal control theory. Nguyen and Jab-

bari [15] formulated an anti-windup control design problem for

the amplitude and rate saturation nonlinearities in the form of a

convex optimization problem through linear matrix inequalities

(LMIs). Due to the combination of various requirements, this

single-step approach may become conservative and quite com-

plicated. An early review of the anti-windup control methods

was reported in [16] and the anti-windup compensator synthesis

problem was approached in an H∞ framework in this paper.

In this paper, we design an LPV anti-windup compensator

for a two-story building prototype using an MR damper for base

isolation and vibration attenuation. It is experimentally validated

that under some earthquake excitations the controllable voltage

of MR damper exceeds the allowable upper and lower voltage

limits resulting in performance degradation, as well as a high

power consumption. However, with the use of an anti-windup

compensator we are able to: (i) keep the MR damper voltage

within an allowable range and hence maintain the power con-

sumption in a low level, and (ii) maintain the closed-loop sys-

tem performance. In our work, the LPV anti-windup controller

designed to minimize the adverse effect of the saturation is in-

tegrated with a nominal controller. The synthesis condition for

an anti-windup compensator design is formulated as a linear ma-

trix inequality (LMI) optimization problem that can be solved

efficiently.

EXPERIMENTAL SETUP

The experimental setup used in this work is shown in Fig-

ure 1. It consists of the following main parts: the shaking

table and its driving components, a two-story model building,

the MR damper, and sensors for displacement and accelera-

tion measurements. The base-isolated two-story model build-

ing is supported by a slider with low friction providing the

base isolation. The base mass consists of the slider mass and

a 205.7×50.69×6.51 mm3 aluminum plate. The mass of the

first and second floors consist of the same aluminum plate and

additional weights. The side plates are aluminum beams with

dimensions of 17.60×50.69×0.75 mm3. Two springs with the

total stiffness of 1057 N/m are symmetrically attached to the

base mass to restrict the base drift. The shaking table used in

this study is the Shaker II by Quanser company that can provide

±7.5 cm maximum displacement, ±83.8 cm/s peak velocity, and

±24.5 m/s2 peak acceleration with a 930 kg bearing load carry-

ing. The operational bandwidth of the table is 0-20 Hz. Cus-

tomized earthquake wave signals from real earthquakes can be

simulated with the shaker.

The displacement of the base and first floors are measured

by two LB-70 series laser displacement sensors by KEYENCE

company. The measurement range is 100 mm ±40 mm with

fastest response time of 0.7 ms (with sensitivity of 180 μm) and

a maximum sensitivity of 10 μm (at the response time of 500 ms).

Accelerations of the second and the base floors are captured by

MEMS accelerometers attached to each floor by wax. The type

of accelerometer used is ADXL203EB Rev.0 by Analog Device

company. The measurement range is ±1.7g, and the sensitiv-

ity is 1 mg in 60 Hz satisfying the requirements of the experi-

ment, where g = 9.81 m/s2 is the standard gravity. The dSPACE

board DS1103 RD, with controller and communication board

CLP 1103, is used for the data acquisition purposes. This board

is linked with Matlab/Simulink via A/D and D/A converters and

controls input and output signals in real-time. Furthermore, an

Agilent 6542A programmable power supply is connected to the

dSPACE board output to amplify the voltage applied to the MR

damper. The sampling rate is set to be 500 Hz.

The MR damper under study is a custom-made device built

in the Smart Material and Structure Laboratory at the University

of Houston. This device is a sponge-type damper that provides a

stiction effect taken into account in parameter identification and

controller design processes. The damper consists of a magnetic

coil, MR fluid and a sliding bar. The coil is excited by the voltage

applied to the MR damper which increases the viscosity of MR

fluid and consequently the force exerted on the sliding bar. The

amount of force produced is proportional to the area of active

MR sponge exposed to the magnetic field. The MR damper is

excited by voltages up to 8 volts. The MR damper is attached

between the base and a fixed point on the table to reduce the

vibration of the structure. The damper stroke is ±2 cm and can

approximately produce a maximum force of 10N at the voltage of

8V. The dynamic equations of motion for the structure including
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Figure 1. MR damper experimental test bed

the MR damper (shown in Figure 2) is expressed as follows:

M q̈+C q̇+K q = ΓFmr −M Λẍg (1)

where q = [xb x1 x2]
T , and Λ = [1 1 1]T and Γ = [−1 0 0]T

are the distribution vectors. Here, xb, x1 and x2 denote the dis-

placement of the base, first floor and second floor, respectively.

The excitation ẍg represents the ground acceleration.

The modal parameters of the structure have been experimen-

tally identified. The identified mass, stiffness and damping ma-

trices of the structure are as follows:

M =

⎡
⎣1.958 0 0

0 1.258 0

0 0 1.212

⎤
⎦ [kg],

C =

⎡
⎣ 1.281 −0.487 0

−0.487 1.325 −0.599

0 −0.599 0.829

⎤
⎦ [N.s/m],

K =

⎡
⎣ 2275.6 −1218.6 0

−1218.6 2716.3 −1497.7
0 −1497.7 1497.7

⎤
⎦ [N/m]

where the natural frequencies of the system are 2.1 Hz, 5.48

Hz and 9 Hz. Figure 2 shows the schematic of the experi-

mental setup. The matrices above are represented based on

q = [xb,x1,x2]
T as the displacement vector. The stiffness and

damping coefficients corresponding to the base floor include the

stiffness of the springs attached to the base and damping effect of

the slider, respectively. A damping ratio of 1% has been assumed

for all the structural modes. The proportional damping matrix

has been obtained from C = a0M +a1K , where a0=0.1893 and

a1=0.0004.

The LuGre model representing MR damper dynamics is

used for simulation purposes while the Bingham model is con-

Figure 2. Schematic of the experimental setup

sidered for control design due to its simple structure. All the ex-

perimentally identified parameters of both models are reported

in [17].

LPV MODELING AND CONTROL DESIGN
Modified Bingham and LuGre-based models have been pro-

posed to capture the dynamic behavior of an MR damper with

stiction effect [17]. The parameters of the Bingham and Lu-

Gre models can be identified by solving a nonlinear optimization

problem, and the identified models are validated experimentally

for different operating conditions. In the present work, the MR

damper is used to attenuate the vibration of a two-story model

structure by designing an LPV controller where the base veloc-

ity is used as the scheduling parameter. The Bingham model, that

has a simpler structure than other existing models, is employed

to capture the nonlinear dynamics of the damper. Considering

the stiction effect, the force produced by the MR damper is given

by:

Fmr = ( fa + fbV )sign(ẋb)+(c0ẋb + c0vẋbV )e−(
ẋb
v0
)2

(2)

where Fmr is the MR damper force when in motion (N), V is the

input voltage (V), fa is the Coulomb frictional force (N), fb is the

Coulomb frictional force influenced by voltage V (N/V), c0 is the

viscous damping coefficient (N.s/m), c0v is the viscous damping

coefficient influenced by voltage V (N.s/(m.V)), and v0 is the

normalizing velocity (m/s). This model is valid for non-zero ve-

locities. The exponential term introduced in the model capture

two effects: (i) the flattening effect expected at high velocities,

and (ii) the stiction effect in low forces. The first effect is phys-

ically motivated by the change of the damping characteristics as

the velocity increases due to more lubricant being forced into the

interface. The second effect is more significant in low forces in

which bumpy responses are observed in velocities close to zero.

By assuming ξ = [q q̇]T , (1) can be rewritten in the state-space
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form as follows:

ξ̇ =

[
0 I

−M −1K −M −1C

]
ξ+

[
0

−Λ

]
ẍg

+

[
0

M −1Γ

]
Fmr (3)

where Fmr is the control input acting on the structure. It is, how-

ever, noted that the MR damper force cannot be directly con-

trolled; instead the voltage is the control input.

It is desired to represent the nonlinear model obtained from

combining (1) and (2) into an equivalent LPV form. To this

purpose, we determine a quasi-LPV representation of the sys-

tem model. Quasi-LPV (qLPV) systems represent a special class

of LPV systems where the scheduling variables contain system

states [18]. To proceed with the qLPV modeling of the system

under study, we replace the MR damper force with the modified

Bingham model in (2). Therefore, the equation of motion for the

base mass is rewritten as follows:

mbẍb + c1(ẋb − ẋ1)+ cbẋb + c0ẋbe−(
ẋb
v0
)2

+ k1(xb − x1)+ kbxb =

− fasign(ẋb)+(− fbsign(ẋb)− c0vẋbe−(
ẋb
v0
)2

)V −mbẍg

Thus, we can rewrite (1) as follows considering the voltage as

the input instead of the damper force:

M q̈+Cmq̇+K q = ΓmV −M Λẍg (4)

where the modified matrices Cm and Γm are dependent on the

base velocity ẋb considered to be the LPV parameter ρ. Finally,

the following qLPV representation of the system is obtained:

ξ̇ =

[
0 I

−M −1K −M −1Cm(ρ)

]
ξ+

[
0

−M −1Λ

]
w

+

[
0

M −1Γm(ρ)

]
V = Aξ+B1w+B2V. (5)

where A and B2 matrices are dependent on the scheduling pa-

rameter and w = ẍg is the ground acceleration considered to be

the external disturbance input. It is noted that the base velocity

is obtained by low-pass filtering and differentiating the base dis-

placement. In this qLPV model, the system matrices A and B2

are dependent on the scheduling parameter. Hence, an H∞ LPV

controller can be designed to reduce the second floor absolute

acceleration due to the earthquake excitation by solving an LMI

optimization problem [19]. For this purpose, dynamic weights

are selected to shape the closed-loop transfer functions. Since

we have a regulation problem and tracking is not of concern, we

only need to shape the closed-loop transfer functions S and KS in

a mixed sensitivity H∞ control design formulation [20]. We re-

call that S is the transfer function between the disturbance w = ẍg
and the output, and KS is the transfer function between w and the

control signal u. The controlled output vector is assumed to be

z = [z1,z2]
T = [Wsy,−Wuu]T as shown in Figure 3. The absolute

Figure 3. Mixed-sensitivity H∞ control design configuration

acceleration of the second floor is considered as the measured

output y = ẍ2 + ẍg. The dynamic weights for the H∞ control de-

sign are chosen to be

Wu =
2×10−4s

s+20
, Ws =

1.4

s2 +0.9s+8
.

where Wu is the weight on the control input and Ws is the weight

on the output. In general, there are two parameter-dependent ma-

trices X and Y in the LMI synthesis conditions corresponding to

the LPV H∞ control design [21]. One of the Lyapunov matrices

Y is set to be linearly dependent on the scheduling parameter, that

is, Y = Y0 +ρY1 and the other one is considered to be fixed, i.e.,
X = X0. The scheduling parameter is chosen to be the damper

velocity ρ = ẋb for which variation and rate bounds are given

as follows ρ ∈ [−0.3,0.3] m/s and ρ̇ ∈ [−5,5] m/s2. The corre-

sponding synthesis LMIs are solved by gridding the parameter

space for ρ over its range of variation following the procedure

described in [21].

LPV ANTI-WINDUP CONTROL
There are two methods for LPV anti-windup control design

in the presence of actuator saturation. One approach in designing

the anti-windup compensator involves the design of the original

controller in a way to account for actuator nonlinearities. Wu

et al. [22] employed this method to design an LPV anti-windup

controller by using a saturation indicator parameter and used it
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to control a linearized aircraft model. This method is beneficial

only if a parameter-varying dynamic weight on the control in-

put u is used. The aforementioned method was employed in [23]

for control of a mechanical system including an MR damper. A

second approach to design anti-windup controllers is based on

the traditional two-step approach, where one first designs a con-

troller disregarding the actuator saturation and then adds the anti-

windup compensator to accommodate the saturations [24]. In

this formulation, the anti-windup controller does not affect the

system if saturation is not present. The structure of this method

is depicted in Figure 4, in which the arrow indicates the adapta-

tion of the corresponding block with the scheduling parameter.

Figure 4. LPV anti-windup control scheme

We consider an LPV system model augmented with the de-

sign weights represented by P in Figure 4 that has the following

state-space representation:

⎡
⎣ẋp

e
y

⎤
⎦=

⎡
⎣Ap(ρ) Bp1(ρ) Bp2(ρ)

Cp1(ρ) Dp11(ρ) Dp12(ρ)
Cp2(ρ) Dp21(ρ) Dp22(ρ)

⎤
⎦
⎡
⎣ xp

d
σ(u)

⎤
⎦ (6)

where xp ∈ Rnp , y ∈ Rny , σ(u) ∈ Rnu , e ∈ Rne , and d ∈ Rnd are the

augmented system state, the measurement vector, the saturated

control input, the controlled output and the disturbance input,

respectively.

The actuator nonlinearities we consider are in the following

form

σ(ui) =

{
ui |ui|< umax

i
sign(ui)umax

i |ui| ≥ umax
i

(7)

where umax
i is the constant saturation limit for the i-th actuator.

To capture the actuator constraints in (7), we define the following

qi

uimax

iu

min

iu

sect[0,k]

Figure 5. Saturation nonlinearity representation

parameter

qi(ui) = ui −σ(ui) (8)

which results in the behavior shown in Figure 5, where the slope

of the line κi ∈ (0,1). Assuming in general nu control inputs, we

define a saturation matrix as K = diag(κ1,κ2, ...,κnu).
We assume that in (6), (Ap(ρ),Bp2(ρ)) and (Ap(ρ),Cp2(ρ))

are parameter-dependent stabilizable and detectable for all ρ,

respectively, and that the matrices [BT
p2(ρ) DT

p12(ρ)] and

[Cp2(ρ) Dp21(ρ)] have full row rank, and Dp22 = 0. A nominal

LPV controller is designed first by ignoring the actuator satura-

tion using the systematic control design approach in LPV control

theory described in [21]. If such a controller exists we pursue

with designing an LPV anti-windup compensator such that the

adverse effect of input saturations are mitigated in terms of the

induced L2 norm. The dynamic of the anti-windup compensator

(depicted by AW in Figure 4) is represented by

[
ẋaw
υ

]
=

[
Aaw(ρ, ρ̇) Baw(ρ, ρ̇)
Caw(ρ, ρ̇) Daw(ρ, ρ̇)

][
xaw
q

]
(9)

The controller K will then be in the following form:

[
ẋk
u

]
=

[
Ak(ρ, ρ̇) Bk(ρ, ρ̇)
Ck(ρ, ρ̇) Dk(ρ, ρ̇)

][
xk
y

]
+

[
υ1

υ2

]
(10)

where υ =
[
υT

1 υT
2

]T
with υ1 ∈ Rnp and υ2 ∈ Rnu . The system

matrices Ak,Bk,Ck,Dk are the state-space representation of the

designed unconstrained controller, whereas Aaw,Baw,Caw,Daw
are the state-space matrices of the anti-windup compensator. The

LPV anti-windup control design problem can be then recast into

a robust LPV control problem setting where the uncertainties are

in the following form:

q = Δu

where Δi = 1− σ(ui)
ui

and Δ = diag(Δ1, ...,Δnu). We use the de-

sign method proposed in [24] to design the LPV anti-windup

Copyright © 2011 by ASME
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Figure 6. El Centro and Northridge earthquake excitations

compensator assuming that the nominal LPV controller K exists.

The procedure leading to the anti-windup control design is not

repeated here and interested reader is referred to [24] for details.

EXPERIMENTAL RESULTS
Two types of well-known historical earthquake signal forms

namely the the El Centro and Northridge are applied as distur-

bance input to the shaker table described earlier. The intensities

of the El Centro and Northridge earthquakes are 0.6g and 0.7g,

respectively. Figure 6 shows the two earthquake signals which

basically represent the ground acceleration. The following con-

trol designs are tested and compared in the MR damper experi-

mental test-bed using the above signals as excitation: (i) an LPV

anti-windup controller, (ii) an LPV controller ignoring the actu-

ator saturation phenomena, and (iii) a conventional anti-windup

scheme. Due to the space restrictions, we demonstrate the exper-

imental results using only the El Centro test signal.

The LPV anti-windup controller is designed by solving the

corresponding LMIs via gridding over the range of base velocity.

Gridding is a standard approach to convert infinite-dimensional

LMI constraints in the LPV synthesis problem to a set of finite-

dimensional LMIs [21]. For simplicity we consider constant ba-

sis functions for the Lyapunov functions R11, S, and V in the

corresponding synthesis LMIs. The optimal induced L2-gain is

determined to be γ = 6.08.

First, we compare the cases (i) and (ii), i.e., the designed

LPV anti-windup compensator as in Figure 4 with the case with

no anti-windup compensation but with a saturation limit of zero

and eight volts, for El Centro 0.6g excitation. The control in-

put signal which is the MR damper voltage is depicted in Figure

7 and the second floor acceleration is plotted in Figure 8. The

maximum peak of the second floor acceleration for the cases (i)

and (ii) is determined to be 4.89 and 4.91 m/s2, respectively. The
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Figure 7. Control input (MR damper voltage) corresponding to El Centro
0.6g- the bottom plot is a zoomed part of the top plot

0 5 10 15 20 25 30 35
−5

−4

−3

−2

−1

0

1

2

3

4

5

time (sec)

2nd
 fl

oo
r 

ac
ce

le
ra

tio
n 

(m
/s

2 )

No AW compensation
With AW compensation

Figure 8. Second floor acceleration corresponding to El Centro 0.6g

root mean square (RMS) for the second floor acceleration for the

cases (i) and (ii) is calculated to be 72.72 and 73.38 cm/s2, re-

spectively. It is observed that the MR damper voltage using the

anti-windup compensator is within the allowable range and the

performance of the controller is slightly improved. The LPV pa-

rameter, based on which the controllers are scheduled is shown

in Figure 9.

Next, we compare the results of the designed LPV anti-

windup controller (case (i)) with those of a conventional anti-

windup scheme (case (iii)). A generic anti-windup scheme is

shown in Figure 10, where G(s) and K(s) represent the plant

and controller, respectively, while R(s) represents a compensator

which feeds back the error between the output from the controller
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and input to the plant. In the classical anti-windup design this

compensator is chosen to be R(s) = α
s , where the scalar α repre-

sents a tunable design parameter [16]. The comparison plots are

K(s)

R(s)

G(s)

u (u)

y

r=0

Figure 10. Generic anti-windup scheme

shown in figures 11 and 12. Although the acceleration responses

are very similar the voltage input using the LPV anti-windup is

meeting the maximum allowable MR damper voltage.

CONCLUSION
In this paper, we designed an LPV anti-windup compen-

sator to complement a nominal LPV controller in order to re-

duce the vibration of a two-story model structure including an

MR damper. Different earthquake signals with different inten-

sities might demand an MR damper voltage out of the tolerable

range. By making use of an LPV anti-windup controller the volt-

age is kept within its allowable limits. The experimental results
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Figure 11. Second floor acceleration corresponding to El Centro 0.6g for
a classical AW and an LPV AW design
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Figure 12. Control input (MR damper voltage) corresponding to El Cen-
tro 0.6g- the bottom plot is a zoomed part of the top plot

demonstrate the effectiveness of the employed LPV controller

combined with the LPV anti-windup scheme compared to the

LPV controller (with no anti-windup compensation), as well as a

conventional anti-windup compensation scheme.
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