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Abstract— The relative velocity of a damper is necessary
information of vehicle suspension systems, but cannot be
measured using vehicle sensor system. This paper proposed
an estimation method of the magnetorheological (MR) damper
relative velocity using the Takagi-Sugeno (T-S) fuzzy observer.
Since the MR damper has highly nonlinear and hysteresis
characteristics, a phenomenological model is established from
an experimental data. Using this, a T-S fuzzy quarter car
model is established. The T-S fuzzy observer is derived with an
unmeasured premise variable, and the stability is verified using
the Lyapunov stability theorem. Consequently, experimental
validation using a quarter car test rig confirms the performance
of the estimator under various road conditions.

I. INTRODUCTION

The suspension system is a necessary component in order
to enhance the ride quality and handling performance of
a vehicle. Especially, semi-active suspension, which can
only change the damping characteristics of the damper, can
improve ride comfort and handling performance without en-
ergy consumption and additional hardware. Therefore, most
vehicle manufacturers use semi-active suspension, which has
an orifice in order to change the damping characteristics.
However, this orifice type semi-active suspension has a
limitation in terms of control responsiveness. Thus, a mag-
netorheological (MR) damper [1]–[4] that uses MR fluid is
attracting attention as a means of overcoming the limita-
tion of traditional semi-active suspension. The MR damper
uses magnetic particles and fluid to change the damping
characteristics by supplying current to the damper. This
feature significantly reduces the control response compared
to semi-active dampers using conventional orifices. Recently,
various models and control algorithms for controlling the MR
damper have been proposed to overcome these nonlinear and
hysteresis characteristics. Most previous studies assumed that
the relative velocity of the MR damper is known information.
However, in the real world, it is almost impossible to measure
the relative velocity of the damper. Recently, little research
has been carried out on the algorithms for estimating the
relative velocity of MR dampers. Du [1] proposed an MR
damper voltage control algorithm using an MR damper
relative velocity observer. In this paper, however, a vehicle
body speed sensor that cannot be used in a real vehicle
is used. Tang [2] proposed and experimentally verified a
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damping control algorithm based on a MR damper relative
velocity observer. However, this algorithm uses a sensor that
is difficult to use in a real vehicle, and the stability of the
estimator is not proven. In this paper, a relative velocity
observer for a MR damper using a vehicle body and wheel
accelerometer is proposed. In order to design a nonlinear
MR damper model-based observer, the Takagi-Sugeno (T-S)
fuzzy model [2], a nonlinear modeling technique, is used.
This paper has the following structure. Section II introduces
an MR damper model derived from experimental data. In
addition, the phenomenological model [5] and the Bouc-Wen
model [6] are introduced. These models are used to design
and verify the T-S model based observer. In section III, the
relative velocity observer of the MR damper is designed
based on the Bouc-Wen MR damper model. Furthermore,
the stability of the designed observer is also discussed. In
section IV, a simulation-based validation of the proposed
observer is performed using the phenomenological model
and commercial vehicle simulator. Finally, section V presents
the conclusion of this paper.

II. T-S FUZZY MR DAMPER MODEL

In this section, the T-S fuzzy MR damper model is
derived from the experimental data. First, the experimental
equipment and experimental results are introduced. Next, a
T-S fuzzy MR damper model based on the Bouc-Wen model
used for observer design is derived.

A. Experimental environment

The MR damper experimental data used in this study
are obtained from the following experimental environment.
In this study, the MR damper mounted in a commercial
vehicle, a Cadillac CTS, is used. This MR damper is tested
using shock dyno from CTW Automation. Using this shock
dyno, a 1.9 Hz sine wave test with amplitude of ±25mm
is conducted. As Force-velocity data and force-displacement
data of the MR damper are thereby obtained. Figure 1
shows the experimental equipment and Figure 2 shows the
experimental data.

B. Bouc-Wen model

In many previous studies, the Bouc-Wen model is used
to explain various forms of hysteresis and has been used in
many previous MR damper studies. According to the Bouc-
Wen model, the force of the MR damper can be described
as follows:

F = c0ẋ+ k0x+ αz (1)

ż = −γ |ẋ| z |z|n−1 − βẋ |z|n +Aẋ (2)



Fig. 1. Experimental equipment: (a) Shock dyno by CTW Automation (b)
MR damper current driver by RMS Technology.
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Fig. 2. MR damper test results: (a) Force-Velocity map of MR damper (b)
Force-Displacement map of MR damper.

α = αa + αbi (3)

c0 = c0a + c0bi (4)

i̇ = −η (i− u) (5)

C. T-S fuzzy quarter-car MR suspension model

In this paper, a quarter-car suspension model is used to
estimate the relative velocity of the MR damper mounted on
the vehicle. The quarter-car model consists of sprung mass
and unsprung mass and this model has been used in various
vehicle suspension control studies. According to Figure 3 the
quarter-car model is represented as follows:

Fig. 3. Free body diagram of qurater car vehicle model

msz̈s = −ks (zs − zu)− F (6)

muz̈u = −ks (zu − zs)− kt (zu − zr) + F (7)

Using (1)-(7), the quarter-car MR suspension model is rep-
resented in state-space form below.

ẋ = Ax+Bu+Dżr (8)

x =
[
zs − zu żs zu − zr żu z i

]T
(9)
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(10)

B =
[

0 0 0 0 0 η
]T

(11)

D =
[

0 0 −1 0 0 0
]T

(12)

f1 = c0b (żs − żu) + αbz (13)

f2 = |z| (−γ |żs − żu| − β (żs − żu) sign(z)) (14)

In this paper, the sprung mass vertical accelerometer and
the unsprung mass vertical accelerometer data are regarded
as the measurements of the observer system. These sensors
are used by most vehicle manufacturers, and therefore this
assumption is reasonable. As in the above equation, the
sensor measurement is mathematically described as follows.

y = Cx (15)

y =
[
z̈s z̈u

]T
(16)

C =

[
A21 A22 A23 A24 A25 A26

A41 A42 A43 A44 A45 A46

]
(17)

If the control input and damping coefficient are constant, this
system is linear time invariant system. Using this assumption,
it can be easily verified that the observability of the system
is satisfied. In accordance with (13) and (14), the MR
suspension model takes the form of a nonlinear model. This
nonlinear characteristic has to be considered to design a
stable observer. In the past decades, various nonlinear state
estimation techniques such as the extended kalman filter,
sliding mode observer, and T-S fuzzy modeling have been
proposed. In this paper, the T-S fuzzy model is constructed
by the sector nonlinearity technique. Since the damping
coefficient and the relative velocity of the MR damper are
bounded, the sector nonlinearity technique is used to build
the T-S fuzzy model reasonably. According to (8)-(17), the
relationship between the premise variable and fuzzy rules
can be described as follows.
IF żs− żu is M1 and z is N1, THEN ẋ = A1x+Bu+Dżr
IF żs− żu is M1 and z is N2, THEN ẋ = A2x+Bu+Dżr
IF żs− żu is M2 and z is N1, THEN ẋ = A3x+Bu+Dżr
IF żs− żu is M2 and z is N2, THEN ẋ = A4x+Bu+Dżr

M1 = {(żs − żu)− vlower}/vupper − vlower, M2 = 1−M1

(18)
N1 = {z − zlower}/zupper − zlower, N2 = 1−N1 (19)



Consequently, the quarter-car T-S fuzzy model of MR sus-
pension is obtained using the above equations and this model
is represented by weighted summation of sublinear models.

ẋ =

4∑
i=1

hi (Aix+Bu+Dżr) (20)

y =

4∑
i=1

hiCix (21)

h1 = M1N1, h2 = M1N2, h3 = M2N1, h4 = M2N2

(22)
It is noteworthy that the premise variable for determining
the fuzzy rule is an immeasurable variable [7]–[9]. In other
words, in order to estimate the relative velocity of the
MR damper, the fuzzy observer uses the estimated premise
variable and satisfies the stability simultaneously.

III. T-S FUZZY OBSERVER DESIGN

In this section, the T-S fuzzy observer is designed to
estimate the relative velocity of the MR damper. The ob-
server proposed in this paper is designed using the quarter-
car T-S fuzzy model and Lipschitz bounded condition. First,
new variables are defined in order to design the T-S fuzzy
observer.

µi (t) = hix (t) , ψi (t) = hiy (t) (23)

µ̃i (t) = ĥix (t) , ψ̃i (t) = ĥiy (t) (24)

hi = h (żs − żu, z) , ĥi = h
(

ˆ̇zs − ˆ̇zu, ẑ
)

(25)

Then,

x(t) =

4∑
i=1

µi, y(t) =

4∑
i=1

ψi (26)

Using (20), (21) and (26) the derivatives of µ and µ̃ are
defined as follows.

µ̇i = Aiµ+ hiBu+ hiDżr
ψ = Ciµi

(27)

˙̃µi = Aiµ̃+ ĥiBu+ ĥiDżr
ψ̃ = Ciµ̂i

(28)

The observer system proposed in this paper is described in
the following form.

żi = Nizi + ĥiGiu+ Liψ̃i
µ̂i = zi − Fiψ̃i

(29)

Then the estimated state is represented as

x̂ (t) =
∑

µ̂i (t) (30)

In order to design observer matrices, a stability analysis
based on error dynamics should be conducted. In accordance
with (27)-(29), the error dynamics of the observer system is
obtained by

ei = µ̂i − µi (31)

ei = zi − Fiψ̃i − µi + (Fiψi − Fiψi) (32)

ei = zi −Miµi − FiCi (µ̃i − µi) (33)

where Mi = I+FiCi. The error dynamics is expanded using
(29) and (33).

ėi = żi −Miµ̇i − FiCi
(̇̃
µi − µ̇i

)
= Nizi + ĥiGiu+ Liψ̃i −Miµ̇i − FiCi

(̇̃
µi − µ̇i

)
= Ni (zi −Miµi − FiCi (µ̃i − µi)) +NiMiµi
+NiFiCi (µ̃i − µi) + ĥiGiu+ LiCiµ̃i
−Mi (Aiµi + hiBu+ hiDżr)− FiCi

(̇̃
µi − µ̇i

)
(34)

ėi = Niei + (NiMi −MiAi + LiCi)µi
+ (NiFiCi + LiCi − FiCiAi) (µ̃i − µi)
+ĥiGiu−MihiBu−MihiDżr

−FiCi
(
ĥi − hi

)
(Bu+Dżr)

(35)

ėi = Niei + (NiMi −MiAi + LiCi)µi
+ (NiFiCi + LiCi − FiCiAi) (µ̃i − µi)
+ĥi (Gi −MiB)u+

(
ĥi − hi

)
Bu

−FiCi
(
ĥi − hi

)
Dżr − hiMiDżr

(36)

In order to design observer matrices that make the T-S
observer stable, Theorem1 and Lemma 1 are used.
Lemma 1: For any real matrices X , Y and a positive definite
matrix P , the following equation always holds:

XTY + Y TX ≤ XTPX + Y TP−1Y (37)

Theorem 1: For a given positive scalar ρ, the T-S fuzzy
observer (29) is asymptotically stable if there exist a positive
scalar λ and the positive definite matrix P satisfying the
following conditions.

NiMi −MiAi + LiCi = 0 (38)

Gi −MiB = 0 (39)

MiD = 0 (40)[
H11
i 0
0 H22

i

]
< 0 (41)∥∥∥[ (ĥi − hi)u (

ĥi − hi
)
żr

]∥∥∥ ≤ ρ ‖ei‖ (42)

where

H11
i = N̄T

i P + PN̄i + N̄T
i PN̄i + λρ2I (43)

H22
i = M̄T

i PM̄i − λI (44)

N̄ =

[
N N −A
0 A

]
(45)

M̄ =

[
−B −D
B D

]
(46)

Proof )
Using (38)-(40), the error dynamics (36) is rewritten as

ėi = Niei + (Ni −Ai) (µi − µ̃i)
−
(
hi − ĥi

)
Bu−

(
hi − ĥi

)
Dżr

(47)



In order to augmented error dynamics, µi − µ̃i is defined
as ẽi and augmented error is defined as ēi =

[
ei ẽi

]T
.

Consequently, the augmented error dynamics is defined as

˙̄e =
∑

˙̄ei =
∑(

N̄iei + M̄iΛi
)

(48)

In this paper, T-S observer is designed using Lyapunov
stability theory. The Lyapunov function is defined as

V (t) = ē (t)P ē (t) =
∑

ēi (t)P ēi (t) (49)

V̇ (t) = ˙̄e (t)P ē (t) + ē (t)P ˙̄e (t)

=
∑(

N̄iēi + M̄iΛi
)T
P ēi + ēTi P

(
N̄iēi + M̄iΛi

) (50)

Using (42) and Lemma 1, the following inequality is de-
rived.

V̇ (t) ≤
∑[

ēTi
Λi

] [
H11
i 0
0 H22

i

] [
ēi Λi

]
(51)

Therefore, if the proposed T-S observer satisfies condition
(41), this observer is asymptotic stable.

IV. EXPERIMENTAL VALIDATION

In this section, the performance of the T-S fuzzy observer
designed in section III is validated using a quarter car test rig
and MR damper. First, an experimental setup is described.
In order to validate the proposed T-S fuzzy observer in real-
time, various sensors, real time controller and test rig is
utilized. Next, the experimental results on various road sce-
narios is introduced. The experimental scenario is established
on various frequency ranges and MR damper current input.
According to these experimental results, the stability and
performance of the proposed MR damper relative velocity
estimation method is verified.

A. Experimental setup

Fig. 4. Experimental setup for T-S fuzzy observer performance validation.

In order to verify the proposed MR damper relative veloc-
ity estimation method, the quarter-car test rig is utilized. This

test equipment is widely utilized in the suspension control
field since this test rig can generate various road scenarios
and described vehicle vertical motion. In this experiment, the
MR damper described in section II is attached on quarter car
test rig. In addition, two accelerometers are attached on the
sprung mass part and unsprung mass part of the test rig.
Using these accelerometers, vertical acceleration of sprung
mass and unsprung mass can be measured. In addition, a
linear variable differential transformer (LVDT) is attached
between sprung mass part and unsprung mass part of the test
rig. The MR damper actual velocity is not measured directly
in the experiment, however, using the derivative of LVDT
signal, the MR damper actual velocity can be obtained.
In this section, the performance of T-S fuzzy observer is
verified on various road scenarios. Specifically, the sine wave
road scenario is realized by quarter car test rig to verify the
relative velocity estimation performance on single harmonic
component. In this experiment, the frequencies of the sine
wave is 2Hz, 3Hz and 4Hz which are common frequency of
actual road.

B. Experimental results
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Fig. 5. 2Hz Sine wave road test with 1.06A current input: (a) MR damper
relative velocity estimation result (b) Estimation error (c) MR damper
current input

1) 2Hz Sine wave road: Figure 5 and Figure 6 describe
the results of a 2Hz sine wave road test. In this test scenario,
the amplitude of road wave is 14.8mm. According to these
figures, the shape of MR damper relative velocity is changed
around 15 seconds after the input current is engaged to
MR damper. Before 15 seconds, the relative velocity of
MR damper is formed around 0.3m/s. After input current
engaged, the relative velocity of the MR damper is formed
around zero. This result implies that the velocity of the
sprung mass closely follows that of the unsprung mass.
It is noteworthy that when the current input engaged the
MR damper, this input increases MR damper stiffness and
most of road input transmits to sprung mass. This MR
damper characteristics has negative impact on the vehicle
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Fig. 6. 2Hz Sine wave road test with 2.12A current input: (a) MR damper
relative velocity estimation result (b) Estimation error (c) MR damper
current input

ride comfort, however, it enhances the stability of the vehicle.
These figure demonstrate that the proposed relative velocity
estimation method effectively estimates the MR damper rel-
ative velocity using two vertical acceleration signals. Despite
variations in the MR damper relative velocity range due to
changes in current input, the estimation algorithm robustly
estimates the MR damper relative velocity. The estimation
error is increased around 15 seconds since the discontinuous
current input engaged, however, the estimated value quickly
converge toward the actual value.

2) 3Hz Sine wave road: Figure 7 and Figure 8 show the
results of a 3Hz sine wave road test. In this test scenario,
the amplitude of road wave is 10mm. Comparing with
2Hz sine wave road test results, the influence of the MR
damper characteristics is reduced. According to Figure 7,
the relative velocity of the MR damper is formed around
0.2m/s. After the current input engaged, the relative velocity
is still formed around 0.2m/s. On the other hand, according
to Figure 8, relative velocity is decreased after the current
input engaged. In this scenario, the maximum current input
is 2.12A. Therefore, the stiffness of the MR damper is higher
than previous test scenario that the maximum current input
is 1.06A.
As in the 2Hz sine wave road test, the proposed relative
velocity estimation method can estimate the MR damper
relative velocity robust against the current input and road
disturbance. When the discontinuous current input engaged
around 15 seconds, the estimation error increased.

3) 4Hz Sine wave road: Figure 9 and Figure 10 show the
results of a 4Hz sine wave road test. In this test scenario,
the amplitude of road wave is 8.2mm. Since the frequency
of the road input is increased, the MR damper characteristics
change has no impact on the MR damper relative velocity.
This phenomenon can occur at various frequency ranges and
these frequency ranges are determined by the parameters of
the quarter-car model such as sprung mass, unsprung mass,
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Fig. 7. 3Hz Sine wave road test with 1.06A current input: (a) MR damper
relative velocity estimation result (b) Estimation error (c) MR damper
current input
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Fig. 8. 3Hz Sine wave road test with 2.12A current input: (a) MR damper
relative velocity estimation result (b) Estimation error (c) MR damper
current input

suspension spring stiffness, tire vertical stiffness.
As in previous test scenarios, the proposed relative velocity
estimation method estimates the MR damper relative velocity
and these estimation results show that the proposed method
is robust against the unknown road input and the MR damper
current input.

V. CONCLUSION

In this paper, the relative velocity of a MR damper
with strong nonlinearity is estimated using the T-S fuzzy
model. Employing the premise variable that the prerequisites
for determining fuzzy rules are unmeasurable values, the
Lyapunov stability theorem is used to prove the convergence
of the estimator. The designed estimator is validated for
various road surfaces using the quarter car test rig. According
to test results, the proposed T-S fuzzy observer accurately
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Fig. 9. 4Hz Sine wave road test with 1.06A current input: (a) MR damper
relative velocity estimation result (b) Estimation error (c) MR damper
current input
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Fig. 10. 4Hz Sine wave road test with 2.12A current input: (a) MR damper
relative velocity estimation result (b) Estimation error (c) MR damper
current input

estimates actual MR damper relative velocity. The estimation
error is increased when discontinuous input is engaged,
however, the estimation error quickly converge to around
zero. In conclusion, the proposed estimator is able to estimate
the relative velocity of the MR damper using a sprung
mass accelerometer and an unsprung mass accelerometer
employed in practical areas. Furthermore, this study can
help in the implementation of model based fault diagnosis
algorithms and MR damper control algorithms for vehicle
suspension systems equipped with MR damper.
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