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ABSTRACT Numerous research studies have been performed to help develop advanced control algorithms
for semi-active seat suspension. This paper experimentally investigates a state observer-based Takagi-Sugeno
(T-S) fuzzy controller for a semi-active seat suspension by equipping an electrorheological (ER) damper.
A new ER damper prototype is designed, assembled, and tested. Then, a T-S fuzzy model is established
to describe the ER seat suspension, which can facilitate the H∞ controller design considering the multi-
objective optimization. A state observer is established and integrated into the controller to estimate the state
information for the T-S fuzzy model in real-time. Additionally, the experimental validation of the control
algorithm is critical in the practical application. A seat suspension test rig is built to validate the effectiveness
of the proposed controller. The presented control algorithm is evaluated by comparing the corresponding test
results to those with a skyhook controller. The experimental results demonstrate that the proposed T-S fuzzy
control method, compared to the traditional control method, can further improve the performance of an ER
seat suspension system.

INDEX TERMS Seat suspension, semi-active control, electrorheological (ER) damper, Takagi-Sugeno (T-S)
fuzzy model.

I. INTRODUCTION
Vehicle seat suspension is applied to support the driver and
make a user’s ride comfortable. It is widely known that the
driver’s riding comfort and health highly depend on the vibra-
tion transferred from the road profile [1]. So far, the use of
active and semi-active devices are the twomain methods used
to improve the performance of a seat suspension. Although
an active method performs better in reducing vibration, its
application is limited by its potential instability and high
power consumption [2]. In contrast, the semi-active suspen-
sion provides a desirable performance similar to that of active
suspension without the requirement of high power consump-

The associate editor coordinating the review of this manuscript and

approving it for publication was Jinquan Xu .

tion and expensive hardware [3]. Currently, two kinds of
semi-active devices are most widely applied in shock absorp-
tion control: an electrorheological (ER) fluid damper and a
magnetorheological (MR) fluid damper [4]. As a nonlinear
component, the ER/MR damper exhibits high hysteresis and
nonlinear behavior, which lead a dynamic performance that is
hard to accurately predict. For the purpose of control, Gavin
[5] presented an ER damper algebraic model that is con-
venient for control and feedback linearization applications.
To better describe the hysteretic behavior of an ER damper,
Hoppe et al. [6] applied the augmented Bouc-Wen model to
build the model of an ER damper. This model can effective to
mitigate adverse effects on control performance.

In recent years, the ER and MR semi-active seat suspen-
sions and the related control strategies have been widely
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studied [7], [8]. Do et al. [9] presented a direct adaptive
fuzzy controller with a damping force feedback for an MR
damper. Shin and Choi [10] proposed a robust controller
integrated with interval type-2 fuzzy logic and sliding mode
control. The effectiveness of the controller was verified by
simulation and experimentation. To improve the performance
of the semi-active suspension, Yao et al. [11], and Fei and Xin
[12] designed adaptive sliding mode controllers to overcome
the nonlinearity of a semi-active system. Ning et al. [13]
presented a Takagi-Sugeno (T-S) fuzzy control strategy for
an active seat suspension system. The experimental results
show that both the robustness and accuracy of the T-S fuzzy
controller can be guaranteed to control the active system.

However, the earlier studies often assumed that the state
of the controlled system can be obtained by measurement.
In practice, not all state variables can be measured in real
time. In particular, the evolutionary variable of the Bouc-
Wen model is nearly unmeasurable while an ER damper is
working: To estimate the vertical velocity of the seat sus-
pension by integrating the acceleration directly would reduce
the accuracy of the estimation result. These variables are
difficult to obtain for a normal vehicle equipped with only
accelerometers and displacement sensors. Therefore, a state
observer needs to be considered in the controller design.
To solve the unstable flux estimation problem, Xiao et al. [14]
presented an adaptive sliding mode observer which employs
a sigmoid function as switch function to estimate the grid-
side state. In our previous work of [15], we designed a
state observer for the T-S fuzzy controller so that it can be
used for MR vehicle suspension in practical applications.
It is also noted that if the vertical movement of the seat
suspension is too large, a large braking acceleration might
be generated by the dead zone of the suspension deflection.
In the situation that both the acceleration is too high and the
deflection is too large, it is difficult for a driver to operate the
steering wheel and brake pedal with his/her hands and feet,
which will seriously affect driving safety. Therefore, the ride
comfort and seat suspension deflection should be considered
simultaneously with a weighted trade-off, which means that
a controller with multi-objective optimization is required.
In [16], a multi-objective genetic algorithm fractional order
proportional-integral-derivative (PID) control was proposed
for MR-based seat suspension. However, no experiment was
conducted in this work to verify the effectiveness of themulti-
objective algorithm in practical application.

The existing studies have shown that different control
algorithms have different advantages and result in differ-
ent performances, and that the performance of a controlled
system highly depends on the degree of the nonlinearity
of the dynamic model and the choice of control algorithm.
Furthermore, for the above controlmethods, whether pro-
posed for seat suspension or vehicle suspension control,
an algorithm that is capable of solving the high nonlinearity
of ER damper has rarely been developed. In the work of
[17], Du et al. presented a sub-optimal H∞ controller of a
seat suspension and driver body model using ER dampers.

However, an experiment has not been conducted to illustrate
the practical effectiveness of this controller, though a com-
prehensive numerical evaluation was performed.

To develop an advanced model-based controller that can
be applied to practical application, this paper proposes a
state observer-based Takagi-Sugeno fuzzy (OTSF) controller
and provide the experimental validation. With this controller,
the nonlinear dynamic characteristics of the ER damper can
be adequately considered in the controller design, and the
desired performance of the semi-active seat suspension can
be realized for a practical system. In the design of the existing
model-based fuzzy controller [18], the device’s fuzzy model
was determined by training the input-output data sets. Thus,
the expert experience used in selecting appropriate fuzzy sets
and fuzzy rules highly affects the accuracy of the model.
However, in this paper, the approach of ‘sector nonlinearity’
will be applied to the establishment of the T-S fuzzy model to
reduce the impact of expert experience. To improve the com-
prehensive effectiveness of this approach to seat suspension,
we integrate the multi-object-optimized process into the H∞
controller. The optimization considers the seat acceleration
and suspension deflection with a suitable weighted trade-
off and normalization. A state observer is further designed
to estimate the state variables of the controller in real-time.
In this study, the design method proposed in [19] is applied
to build a state observer.

The structure of this paper is as follows. The design and
dynamic testing of an ER damper is presented in section II.
Section III demonstrates the T-S fuzzy modeling process
and describes the state observer and H∞ controller design.
Section IV presents the test results of the controller including
the experimental setup and the results from sinusoidal and
random excitation. Finally, the conclusion is presented in
section V.

II. DESIGN AND TEST OF AN ER DAMPER
A. STRUCTURE AND PROTOTYPE
An ER damper was designed and assembled based on the
specifications of a seat suspension system. Fig. 1 shows the
configuration and the picture of the ER damper. It consists
of ER fluid, a casing, an air accumulator, and a piston head
into which the electrodes are set. ER fluid is injected into the
casing which is divided into lower and upper chambers by
the piston head. Between the bottom block and the floating
piston, an airtight chamber is filled with air and acts as an
accumulator.

B. PHENOMENOLOGICAL MODEL AND
PARAMETER IDENTIFICATION
The ER damper was tested by using a 12 kN servo-hydraulic
testing system. The experimental setup is shown in Fig. 2.
A sinusoidal wave with a single frequency of 2 Hz and an
amplitude of 15 mm (±7.5mm) was chosen to excite the
system. The applied voltage to the ER damper was varied
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FIGURE 1. (a) Design of the ER damper (1. piston rod, 2. top cover, 3.
casing, 4. electrode, 5. floating piston, 6. bottom block) and
(b) photograph of a prototype.

FIGURE 2. Testing system with the ER damper.

from 0 V to 2500 V. The force and displacement data were
measured and sent to a computer.

To date, the nonlinear characteristics of ER/MR dampers
have been described by many different phenomenological
models. Among these models, the Bouc-Wen model [20]
is widely used for modeling hysteretic systems. The aug-
mented Bouc-Wen model is capable of accurately describing
the hysteretic behavior of an ER damper. However, in real-
time control, there are many state variables that cannot be
measured by sensors. In application, it is suggested that a sim-
plified Bouc-Wen model that includes fewer measurable state
variables is used. The model replaces some unmeasurable
state variables from the original model while maintaining its
accuracy to describe the hysteretic behavior of an ER device.
The simplified Bouc-Wen model can be described as follows

FER = c0ẋe + k0xe + a z,

ż = −γe |ẋe| z |z| − β ẋe|z|2 + Aeẋe,

a = aa + abv,

c0 = c0a + c0bv,

v̇ = −η (v− u), (1)

where

|z| = z · sign (z); (2)

FIGURE 3. Measured response and fitting results.

TABLE 1. Parameter values of the ER damper.

γe, β, andAe are the parameters for adjusting the ER damper’s
hysteresis; a presents the evolutionary coefficient; c0 is the
viscous damping observed at higher velocities; k0 presents
the stiffness at high velocities; u is the control voltage sent to
the power amplifier; v represents the output of a first-order
filter; and xe presents the relative displacement between the
rod and the cylinder of the damper.

The parameters that fit the model of the ER damper were
determined by the Simulinkr parameter estimation func-
tion. These parameters are estimated by the program using
the experimental results and the applied phenomenological
model. In addition, the determined parameters are shown
in Table 1. Fig. 3 shows the fitting results whose predicted
hysteresis loops match well with the experimentally obtained
data. For brevity, only the data under 3 different input voltages
are illustrated in Fig. 3.

III. CONTROLLER DESIGN
The design process of the proposed controller is discussed
in this section. In section III-A, a T-S fuzzy model for the
semi-active seat suspension is established. In section III-B,
a state observer is designed to estimate the state variables of
the model in real-time. Then, anH∞ controller that considers
multi-object optimization is established in section III-C.
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FIGURE 4. Model of the semi-active seat suspension.

A. T-S FUZZY MODELING OF SEAT SUSPENSION
WITH THE ER DAMPER
The linear dynamic model of a seat suspension can be
described by the following equation [21]:

msz̈s = −ks (zs − zu)− ci (żs − żu)− cs (żs − żu), (3)

where ms represents the mass of the seat and driver body;
ks denotes the spring constant of the seat suspension system;
ci represents the inherent damping of the seat suspension
structure; cs represents the damping force generated from a
linear damper; and zs and zu are the displacements of the seat
suspension system and the excitation from the vehicle cabin
floor, respectively. It is noted that an inclined angle of the
damper should be considered in the suspension structure. The
kinematic model of the seat suspension is shown in Fig. 4,
where θ is the damper’s angle of inclination, which includes
the initial installation angle and the one generated by the rel-
ative movement of suspension; h denotes the seat suspension
height which includes the installation height and the relative
movement of the seat suspension, zs − zu; and l is the length
of the damper. With the movement of the seat suspension, the
effective vertical output force of the damper can be described
as Fx = sin (θ) · F , where F is the actual output force of the
damper and can be represented as

F = cs
[
(żs − żu)

/
sin (θ)

]
.

Therefore, the effective vertical damping force of the damper
can be rewritten as Fx = cs (żs − żu).
To build the semi-active model, we can substitute the sim-

plifiedBouc-Wenmodel into the linear seat suspensionmodel
by replacing the linear damper model with the ER Bouc-Wen
model. Fig. 4 demonstrates the semi-active model of ER seat
suspension. Then, we can substitute (1) into (3) to obtain the
dynamic equations of the ER seat suspension as follows

msz̈s = −cr (żs − żu)− ks (zs − zu)

− c0 (żs − żu)− k0 (zs − zu)− az,

ż = −γe |(żs − żu)| z |z| − β (żs − żu) |z|2

+Ae (żs − żu),

a = aa + abv,

c0 = c0a + c0bv,

v̇ = −η (v− u). (4)

Note that the term cs (żs − żu) in (3) is equivalent toFER in (1)
and that the term zs − zu in (3) is equivalent to xe in (1). The
semi-active suspension model can be tracked numerically in
real-time control.

To establish the T-S fuzzy model, the state variables of the
seat suspension model are defined as follows [22]:

x1 = zs − zu, x2 = żs, x3 = z, x4 = v, (5)

and the state vector is

x =
[
x1 x2 x3 x4

]T
, (6)

and the output vector as the control voltage u, the disturbances
is w = żu. Substituting (5) into (4), the system can be written
as follows

ẋ2 = −
(
ks
ms
+
k0
ms

)
x1 −

1
ms
(cr + c0a) x2

−
aa
ms
x3 −

[
c0b
ms

(x2 − w)+
ab
ms
x3

]
x4

+
1
ms
(cr + c0a)w,

ẋ3 = − |x3| [γe |(x2 − w)| − β (x2 − w) sign (x3)] x3
+Aex2 − Aew,

ẋ4 = −ηx4 + η u. (7)

Then, we can define two fuzzy variables f1 and f2 as:

f1 =
c0b
ms

(x2 − w)+
ab
ms
x3,

f2 = |x3| [γe |(x2 − w)| − β (x2 − w) sign (x3)]. (8)

Then, equation (7) can be written as:

ẋ2 = −
(
ks
ms
+
k0
ms

)
x1 −

1
ms
(cr + c0a) x2

−
aa
ms
x3 − f1 · x4 +

1
ms
(cr + c0a)w,

ẋ3 = Aex2 − f2 · x3 − Aew,

ẋ4 = −ηx4 + η u. (9)

We can describe the state-space of the semi-active seat sus-
pension system as

ẋ = Ax + B1w+ B2u, (10)

where

A=


0 1 0 0

−

(
ks
ms
+
k0 sin (θ)

ms

)
−
(cr + c0a)

ms
−
aa
ms
−f1

0 Ae −f2 0
0 0 0 −η

,

B1=
[
−1

(cr + c0a)
ms

−Ae 0
]T
,

B2=
[
0 0 0 η

]T
.
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To deal with the nonlinear system, the terms f1x4 and f2x3
in the T-S fuzzy model (9) should be replaced by linear
subsystems. The variables f1 and f2 are limited in practical
application by the vertical velocity and relative movement of
the seat suspension, so that they can be represented as

f1 = M1f1max +M2f1min,

f2 = N1f2max + N2f2min, (11)

where M1, M2, N1 and N2 are fuzzy membership functions,
andM1+M2 = 1 and N1+N2 = 1. fmax represents the upper
bound of the nonlinearity of f ; fmin is the lower bound. The
four membership functions are defined as

M1 =

(
c0b
ms

(x2 − w)+
ab
ms
x3 − f1min

)
/ (f1max − f1min),

M2 = 1−M1,

N1 = {|x3| [γ |(x2 − w)| − β (x2 − w) sign (x3)]− f2min}

/ (f2max − f2min),

N2 = 1− N1. (12)

Thus, we can use the above linear subsystems to describe the
nonlinear seat suspension system. The specific four possibil-
ities can be presented as

IF f1 is M1 and f2 is N1 THEN ẋ=A(1)x+B1w+B2u,

IF f1 is M1 and f2 is N2THEN ẋ=A(2)x+B1w+B2u,

IF f1 is M2 and f2 is N1 THEN ẋ=A(3) x+B1w+B2u,

IF f1 is M2 and f2 is N2 THEN ẋ=A(4) x+B1w+B2u,

(13)

where A(i) (i = 1, 2, 3, 4). (i = 1, 2, 3, 4) are obtained by
replacing f(i) (i = 1, 2) in the matrix A of (10) with f(i)max and
f(i)min, respectively. Then, the T-S fuzzy model (10) can be
rewritten with the bounded state variables as follows:

ẋ =
4∑
i=1

hi
[
A(i)x+ B1w+ B2u

]
= Ahx+ B1w+ B2u, (14)

where

Ah =
4∑
i=1

hiA(i),

h1 = M1N1, h2 = M1N2,

h3 = M2N1, h4 = M2N2,

and h(i) (i = 1, 2, 3, 4) satisfy:
∑4

i=1 h(i) = 1.

B. STATE OBSERVER DESIGN
In the seat suspension system, the suspension deflection,
zs − zu, can be measured by a displacement sensor; the seat

acceleration, z̈s, can be measured by an accelerometer. Thus,
we can define the measurement variables as

Y =
[
zs − zu z̈s

]T
=

4∑
i=1

hiC1(i)x

= C1h · x, (15)

where

C1h =

 1 0 0 0

−

(
ks
ms
+
k0
ms

)
−
(cr + c0a)

ms
−
aa
ms

−f1h

.
Based on the observer measurement in (15), the estimation
error can be defined as

e = x − x̂. (16)

Then, the state observer can be derived by substituting the
estimated state described in (16) into the system (14), and it
can be represented as

˙̂x =
4∑
i=1

hi
[
A(i)x̂ + L(i)

(
Y − Ŷ

)
+ B2u

]
= Ahx̂ + Lh

(
Y − Ŷ

)
+ B2u, (17)

where L are the state observer gains that need to be designed.
Rearranging (17) gives

˙̂x = (Ah − LhC1h) x̂ + LhY + B2u. (18)

To obtain the estimation error of the state space, we need to
differentiate (16). Thus, the dynamic equation can be derived
as

ė = ẋ − ˙̂x

= (Ah − LhC1h) e+ B1w. (19)

C. H∞ CONTROLLER DESIGN
This section describes the design of the H∞ controller and
the stability analysis of fuzzy systems based on a T-S state
space model. With the application of the parallel distributed
compensation scheme [23], the observer-based controller for
the nonlinear system can be designed as

u =
4∑
i=1

hiK(i)x̂

= Khx̂, (20)

where K(i) are the state feedback gains to be designed. Now,
combine the estimated state vector and the error to obtain an
augmented state vector

x =
[
x̂ e

]T
. (21)

The augmented state space of (21) can be described as follows

ẋ =
4∑
i=1

hi
(
G(i)x + B1w

)
= Ghx + B1w, (22)
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where

Gh =

[
Ah + B2Kh −B2Kh

0 Ah − LhC1h

]
,

B1 =
[
BT1 BT1

]T
.

With regard to the multi-objective control, ride comfort
and suspension deflection are often set as the main goal in a
controller design. The controlled output sin this research can
be described by suspension deflection and seat acceleration,
zs − zu and z̈s, respectively; σ1 and σ2 are the values of the
weighting parameters that should be set with the consider-
ation of a suitable trade-off and normalization. Therefore,
the optimized control output is defined as

s =
[
σ1 (zs − zu) σ2 z̈s

]T
=

4∑
i=1

hiC2(i)x

= C2hx, (23)

where

C2h =

 σ1 0

−σ2

(
ks
ms
+
k0
ms

)
−σ2

(cr + c0a)
ms

×

0 0 01×4

−σ2
aa
ms

−σ2f1h 01×4

.
Here, we choose the H∞ norm as the performance measure
to ensure that the controller has an appropriate response
performance under different vibration excitation. The L2 gain
of the system (22) with (23) is defined as

‖Tsw‖∞ = sup
‖w‖2 6=0

‖s‖2
‖w‖2

, (24)

where ‖s‖22 = ∫
∞

0 sT (t) s (t)·dt and ‖w‖22 = ∫
∞

0 wT (t)w (t)·
dt .

To design the robust controller (20), we should guarantee
that the closed-loop T-S fuzzy system (22) is quadratically
stable.We can define a Lyapunov function for the system (22)
as

5(x) = xTP x, (25)

where P is a positive definite matrix and P = PT . By differ-
entiating (25), we obtain

5̇ (x) = ẋ
T
P x + xTP ẋ. (26)

Adding sT s− γ 2wTw to the two sides of (26) yields

5̇ (x)+ sT s− γ 2wTw

= ẋ
T
P x + xTP ẋ + sT s− γ 2wTw. (27)

Substituting (22) and (23) into (27) gives

5̇ (x)+ sT s− γ 2wTw

=
(
Ghx + B1w

)T
P x + xTP

(
Ghx + B1w

)
+
(
C2hx

)T (
C2hx

)
− γ 2wTw. (28)

Rearranging (28) gives

5̇ (x)+ sT s− γ 2wTw

=

[
xT

wT

]T [
Gh

T
P+ PGh + C

T
2hC2h PB1

∗ −γ 2

][
x
w

]
.

(29)

Considering that

9 =

[
Gh

T
P+ PGh + C

T
2hC2h PB1

∗ −γ 2

]
, (30)

when the disturbance is zero, that is, w = 0, it can be inferred
from (29) and (30) that if 9 < 0, then 5̇ (x) < 0, and
the closed-loop fuzzy system (22) is quadratically stable.
The equation (30) can be further rearranged to the linear
matrix inequalities (LMIs) by applying Schur complement
equivalence, as given below:GhTP+ PGh C

T
2h PB1

∗ −I 0
∗ ∗ −γ 2

 < 0, (31)

where I is a unit matrix.
To ensure the T-S fuzzy system (14) with the controller (20)

is quadratically stable and for a given parameter γ > 0, the L2
gain defined by (24) is less than γ , and the matrices Q > 0
and Y > 0, where Q = P−1 and Y = KQ, should exist
such that (31) is satisfied. Thus, the controller design can
be regarded as a minimization of the performance measure
parameter γ , which can be further described as

min γ 2

subject to LMIs (31). (32)

We can use common computing software such asMATLABr

to solve the LMIs in (31). The state feedback K(i) matrix and
the observer matrix L(i) can be determined after calculation.
It is noted that the two matrices are the gains of the OTSF
for real-time control. With the combination of the T-S fuzzy
model andH∞ technique, the proposed algorithm can directly
control a nonlinear ER system. This method can effectively
reduce the computational load of the controller and is easily
implemented in practical application. After constructing the
controller, the experimental validation work leaves aside the
T-S fuzzy model and moves to theH∞ controller in real-time.

IV. EFFECTIVENESS EVALUATION OF THE CONTROLLER
In this section, the proposed controller is evaluated on the
test rig equipped with the semi-active seat suspension as
described in section II. The seat suspension test rig for the
experiment is described in section IV-A. Then, the designed
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FIGURE 5. Test rig setup (1) the ER damper, (2) power amplifier, (3) NI
real-time control board, (4) computer, (5-6) accelerometers, (7) laser
sensor, (8) hydraulic actuator, and (9) actuator displacement sensor.

semi-active system is applied to the test rig and validated by
sinusoidal excitation and random excitation profile in section
IV-B and section IV-C, respectively.

A. EXPERIMENTAL SETUP
A seat suspension test rig is used to evaluate the proposed ER
damper-based control algorithm. In the sinusoidal excitation
test, we use a conventional passive seat suspension (Model:
T803, Botai Corp.) as the comparison to the ER semi-active
seat suspension controlled by OTSF. In the random excitation
case, we conduct the passive ER seat suspension and the
one with skyhook control as two comparisons for OTSF.
Unlike the conventional passive seat suspension, the ER seat
suspension use a semi-active damper instead of a passive one
but with the same scissors structural frame.

The control schematic diagram of the test rig is described
in Fig. 5. A hydraulic system manufactured by the China
Shipbuilding Industry Group Corporation is applied to gen-
erate the external disturbance to the seat suspension. The
hydraulic system is controlled by the control panel (model:
cRIO-9030 CompactRIO, NI Corp.) with a PID algorithm.
The imposed excitation zu that acts as the external excitation
is measured by a displacement sensor integrated into the
hydraulic actuator and sent to the PID controller for real-time
closed-loop control.

The primary parameters of the seat suspension system are
selected as ks = 9550N/m, cr = 140N · s/m, and ms =
72 kg, which includes 55 kg as the driver mass.

The control system of the ER damper is a multi-input-
single-output (MISO) system. One displacement signal,
the suspension deflection, is measured by a laser sensor
(model: LB-01, Keyence Corp.); and two acceleration input
signals, the seat acceleration and the vibration excitation
acceleration, are measured by the two accelerometers (model:

ADXL327, Analog Devices Corp.). By running the control
algorithm based on these inputs, the real-time control board
(model: cRIO-9030 CompactRIO, NI Corp.) calculates the
command voltage. It is noted that the input voltage required
by the ER damper is limited in practice; the voltage range is
often from 0 V to a positive value. Therefore, an asymmetric
saturation of the control signal is taken into consideration.
In this study, the control board calculates the command volt-
age u in the range 0-2.5 V, and sends the signal to the power
amplifier (model: CMPXW-DC 24, FLST Corp.), which
proportionally amplifies the command voltage to 0-2500 V.
Then, the amplified voltage signal will act as the system input
sent to the ER damper. After choosing the weighting factors
σ1 = 1.4281 and σ2 = 0.0363 with suitable weighted trade-
off and normalization, the control gain and state observer
gain are calculated by the MATLABr LMI Toolbox and
obtained as

Kh =


5817 6502 2 −13
5817 6502 2 −13
−5817 −6502 −2 −13
−5817 −6502 −2 −13

,

Lh =


669 1244
669 1244
−669 −1244
−669 −1244

.
B. SINUSOIDAL EXCITATION CASE
In the sinusoidal excitation test, a constant amplitude exci-
tation is used. The excitation is designed with the frequency
range of 1.0-3.0 Hz, which contains the sprung mass resonant
frequency, with a step of 0.1 Hz. Here, the performance of the
OTSF controller is evaluated by the vertical transmissibility
of the seat. The transmissibility is taken as the ratio of z̈s to z̈u
at any excitation frequency. Note that the acceleration trans-
missibility is calculated by using the RMS seat acceleration
to divide the RMS vibration excitation acceleration.
The transmissibility results of the conventional passive

seat suspension and the one controlled by OTSF under the
sinusoidal sweep excitation is shown in Fig. 6. There is a

FIGURE 6. Acceleration response in the frequency domain.
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FIGURE 7. Seat acceleration under 2 Hz sinusoidal excitation.

peak value of the measured transmissibility, approximately
2 Hz, which is the resonance frequency of the suspension’s
sprung mass. The conventional passive seat suspension has
difficulty reducing the acceleration transmissibility near that
of the natural frequency of the sprung mass, since it is acting
as a low-pass filter. As shown in Fig. 6, the controlled seat
has an excellent performance in the tested frequency range.

To further compare the performance of the two seat sus-
pensions, we plot the experimental results at 2 Hz in the
time domain. The seat acceleration and suspension deflection
responses are illustrated in Fig. 7 and Fig. 8, respectively.
The controlled semi-active seat suspension performs much
better than that the of conventional passive seat suspension
in terms of both acceleration and suspension displacement.
In particular, the maximum acceleration of the controlled
suspension is 1.968m

/
s2 and that the minimum accelera-

tion is −1.539m
/
s2, so the peak-to-peak (PTP) value is

3.507m
/
s2; the maximum acceleration of the conventional

passive suspension is 2.839m
/
s2, and the minimum acceler-

ation is −2.397m
/
s2, so the PTP value is 5.236m

/
s2. The

PTP value reduction percentage of the controlled suspension
compared with the conventional passive suspension is more
than 33.02%.

Furthermore, the suspension deflections are compared,
as shown in Fig. 8. the maximum displacement of the con-
trolled seat is 21.39 mm and the minimum displacement is
−12.14 mm, so the PTP value is 33.53 mm; the maximum
displacement of the conventional passive seat is 32.14 mm,
and the minimum displacement is −25.78 mm, so the PTP
value is 57.92 mm. Therefore, the decrease in the PTP value
of the controlled suspension compared with the conventional
passive suspension is more than 42.1%. The corresponding
PTP values are summarized in Table 2.

C. RANDOM EXCITATION CASE
A random excitation test is performed to evaluate the per-
formance of the proposed controller. The random excitation

FIGURE 8. Suspension displacement under 2 Hz sinusoidal excitation.

TABLE 2. PTP value under the sinusoidal excitation.

for the seat suspension is the vibration of the cabin floor
generated by a quarter-car model under the class C random
road profile in [24]. In this experiment, we ignore the inter-
action between the base of the seat suspension and the vehicle
cab floor. Therefore, the sprung mass displacement of the
quarter-car model is applied as the vibration input of the seat
suspension.

The skyhook control [25] is generally considered as a ref-
erence control strategy to verify any new control strategies for
semi-active control. To validate the performance of the OTSF,
the skyhook controlled semi-active seat suspension and the
onewith no control (passive) are adopted for comparison. The
skyhook controller defines the desired damping force as

Fsky =

{
cskyżs cskyżs (żs − żu) > 0
0 cskyżs (żs − żu) ≤ 0,

(33)

where csky is the skyhook gain, which corresponds to the
command voltage usky of 2500 V or 0 V.
The test results under random excitation are recorded

and demonstrated in the time and frequency domains
in Figs. 9-12, which show the results of seat acceleration, sus-
pension deflection, and input voltage, respectively. In Fig. 9,
the OTSF and the skyhook controller both have a better
performance than the passive case, which has the greatest
peak value during the whole time history. Comparing with
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FIGURE 9. Seat acceleration under random excitation.

FIGURE 10. PSD of the seat acceleration.

TABLE 3. RMS value under the random excitation profile.

the acceleration of the skyhook case, that of the OTSF case is
further decreased.

The power spectral density (PSD) of seat acceleration is
demonstrated in Fig. 10. It can be seen that the semi-active
seat system has a peak value of approximately 2.0 Hz. The
results further demonstrate that the OTSF controller has the
best performance.

The system responses are summarized by the root-mean-
square (RMS) values in Table 3 to further demonstrate the
performance of the OTSF. In terms of both the accelera-
tion and the deflection, the seat suspension controlled with

FIGURE 11. Suspension displacement under random excitation.

FIGURE 12. Input voltage under random excitation (a) skyhook and (b)
OTSF.

OTSF has the smallest RMS value. In particular, the system
with OTSF can reduce the RMS values of the accelera-
tion and suspension deflection by approximately 17.9% and
28.9%, respectively, compared with the passive semi-active
suspension. The reductions in the acceleration and suspension
deflection of the OTSF are more effective than those of the
typical skyhook control case (−11.6% and −22.5%). It can
be inferred that the proposed controller provides a better per-
formance than the traditional control algorithm for a random
profile whose excitation has a wide frequency spectrum.

Fig. 12(a) and (b) demonstrates the input voltages of the
skyhook control and theOTSF, respectively. The figure shows
figure that the voltage signal obtained from the OTSF contin-
uously varies. Contrary to those generated from the OTSF,
the voltage signals generated from the skyhook controller are
discrete values of either 0 V and 2.5 kV. It is noted that the
applied current is low (at a microampere level), although the
required highest voltage can reach 2.5kV [5]. Thus, the ER
damper can be operated to ensure safety while using a low-
power source.

V. CONCLUSION
In this paper, a state observer-based T-S fuzzy controller
has been designed and investigated experimentally for a

VOLUME 8, 2020 98035



X. Tang et al.: T-S Fuzzy Model-Based Semi-Active Control for the Seat Suspension

semi-active seat suspension with an ER damper prototype.
A T-S fuzzy model of the semi-active seat suspension has
been proposed to cope with the nonlinearity of the ER damper
and facilitate the controller design. In the practical applica-
tion, only the acceleration and the suspension deflection are
available for control feedback. Therefore, a state observer
has been established to estimate the unknown state of the
seat suspension in real-time. Based on the T-S fuzzy model,
an H∞ controller with multi-objective optimization has been
designed to improve the overall performance of the seat
suspension. In addition, a test rig has been constructed for
the semi-active ER seat suspension system. Experimental
validation under different excitations has been conducted to
demonstrate the effectiveness of the proposed approach. The
proposed controller and seat suspension can greatly benefit
drivers by improving the working environment and protecting
their safety and health.
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