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Abstract. A method for parameter identiﬁcation of the magnetorheological damper (MRD) model with an
improved ﬁreﬂy algorithm (IFA) is proposed, and a semi-active seat control system with three-degree-offreedom (3-DOF) is established by combining with a quarter car model to investigate the ride comfort. The
dynamic characteristics of the MRD were analyzed by experimental method. Combined with the IFA, the
parameters of the MRD phenomenon model were identiﬁed, and the forward model of the MR damper was
constructed. The semi-active control model of a 3-DOF seat suspension was established. The MRD controller
and suspension system controller were designed. The passive control, PID control, and Fuzzy-PID control on the
vibration reduction of the semi-active seat suspension were compared and analyzed, under different road
excitation. The simulation results show that the semi-active seat suspension controlled by the PID and FuzzyPID can effectively reduce the seat acceleration and dynamic stroke, which signiﬁcantly improve the ride
comfort and operation safety compared to the passive seat suspension.
Keywords: Seat suspension / magnetorheological damper / Fuzzy-PID / improved ﬁreﬂy algorithm /
semi-active control

1 Introduction
In the process of vehicle driving, the vibration caused by
uneven road surfaces has a signiﬁcant impact on the
physical and mental health of drivers. It is easy to cause
physical and psychological discomfort, resulting in waist
and shoulder pain, muscle pain, fatigue, digestive
problems, visual impairment, and other diseases [1–3].
The seat is in direct contact with the driver, transmitting
low-frequency vibrations to the human body ﬁltered by
the tire and car body vibration isolation structure. The
seat suspension system with a good damping effect can
improve the driver’s comfort and operation efﬁciency and
reduce the damage of vibration. Seat suspension systems
are mainly divided into passive suspension system, semiactive suspension system, and active suspension system.
Passive seat suspension is generally composed of spring
and hydraulic damper. It has a simple structure and low
price, which is most widely used. However, its suspension
parameters cannot be adjusted, and it is only suitable for a
speciﬁc road excitation [4]. Active seat suspension is
generally composed of springs, passive dampers, and
actuators in parallel. It can be controlled according to
* e-mail: xlyou@haust.edu.cn

different road excitation to obtain outstanding performances [5,6]. However, the active seat suspension has
the disadvantages of complexity, high cost, and highenergy consumption. Compared with active and passive
suspension systems, the semi-active suspension system
with adjustable damping has the characteristics of quick
action response, wide dynamic range, good reversible
performance, small volume, low energy consumption,
continuous damping with adjustable range, and highfrequency response. It has attracted extensive attentions
in vibration reduction and isolation [7,8]. At present,
the most studied semi-active suspension is composed of a
magnetorheological damper (MRD) and a spring in
parallel, which achieves the best trade-off between
cost and performance. The MRD uses a smart material,
magnetorheological ﬂuids, which is a mixture of micron
ferromagnetic particles and non-magnetic ﬂuid carriers
that can change according to the magnetic ﬁeld to
adjust the damping force of the MRD. When the MRD
is not energized, no magnetic ﬁeld is generated, and the
MRD is the same as the ordinary hydraulic damper.
When the MRD is energized, the magnetic ﬁeld makes
ferromagnetic particles reassemble into chain structure
along the magnetic ﬁeld direction, forming Bingham ﬂuid
effect [9].
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Fig. 1. Semi-active seat suspension control block diagram.

So far, many scholars have studied the control of semiactive seat suspension and put forward different control
methods. As shown in Figure 1, two controllers need to be
designed for semi-active seat suspension control: system
controller and damper controller. According to the
dynamic stroke of the seat suspension and the parameters
of the seat body mass acceleration, the system controller
controls the damping force required by the MRD output.
The MRD controller converts the damping force into the
voltage value required to drive the MRD, thus realizing the
control of the seat suspension. The effectiveness of the
MRD controller mainly depends on its ability to deal with
nonlinearity and hysteresis. The existing MRD controllers
include Heaviside function method [10,11], continuous
state controller [12], sigmoid function method [13],
symbolic function controller [14], neural network and
other intelligent algorithm controllers [15,16]. The MRD
controller based on the Heaviside function method is a
simple “on-off” controller. The voltage value is switched
between the minimum value and the maximum value. It
has the advantages of simple principles and fast response.
The signum function control algorithm is an improvement
of the Heaviside function method. It takes samples near a
certain point and averages all the values to get the control
voltage of the corresponding point. In this way, the control
voltage can be discretized under the level below the
maximum value, so that it is constantly close to the control
voltage value that needs to be generated. The continuous
state controller allows continuous voltage intervals
between discontinuous pulses to be evaluated. The sigmoid
function method is also one of the continuous control
algorithms. Various intelligent algorithm controllers such
as neural networks are non-parametric modelling and
control. It has high requirements on hardware that the
computer memory and CPU must meet high requirements
for computing. Heaviside function algorithm is used to
control the MRD in this study.

Theoretical and experimental results show that different control algorithms have different effects on semi-active
suspension with the MRD [17]. There are many control
algorithms in the control of semi-active seat suspension
systems. Each control algorithm has its advantages and
disadvantages, among which PID control and fuzzy
control are widely used [18]. PID control is a classical
control with mature control theory, simple algorithm,
easy implementation, and good robustness [19]. However,
it is challenging to set PID control parameters and has
poor adaptability to nonlinear systems. Fuzzy control is
mainly used to solve the control problems of non-linear
systems, difﬁcult to establish mathematical models, and
uncertain internal disturbances of multiple-input multiple-output systems (MIMO) [20]. Singh and Aggarwal [21]
compared and analyzed PID control, fuzzy control, and
fuzzy-PID control strategies through the semi-active
suspension system of the body. The simulation results
show that the fuzzy-PID control is better than the other
two control algorithms. Ning et al. [22] used the takagiSugeno fuzzy controller to study the control of an active
seat suspension. They veriﬁed its control effect and
stability through simulation and test. Chao et al. [23]
introduced the fuzzy adaptive cuckoo search algorithm
into the Fuzzy-PID control. They veriﬁed that the
proposed algorithm could improve the ride comfort and
adhesion ability through the simulation analysis of the
suspension system. Alfadhli et al. [24] used a PSO
optimized fuzzy control algorithm to analyze the active
seat suspension system, and the simulation results showed
the effectiveness of the control method on ride comfort.
Phu et al. [25] proposed a new adaptive hybrid controller
based on H∞, sliding mode control, and PID control to
control the magnetorheological seat suspension system.
They veriﬁed the effectiveness of the controller through
experiments. The control algorithm is developing towards
intelligent control and hybrid control.
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To explore the response characteristics of the semiactive seat suspension system integrated with a quarter car
model under different road proﬁles, a three-degree-offreedom (3-DOF) seat suspension model was established.
Dynamic stroke and acceleration of the seat suspension
system are used as indicators to analyze and compare the
inﬂuence of the PID controller and Fuzzy-PID controller
on ride comfort.

2 System model and parameter identiﬁcation
2.1 Quarter car model with MRD seat system
Figure 2 shows the semi-active seat suspension system
integrated with a quarter car model. The system is a 3DOF model composed of a 1-DOF semi-active seat
suspension and a 2-DOF quarter car model. mu is
the unsprung mass; ms is the sprung mass; mseat is
the mass of the seat and the driver; kt, ks, and kseat are the
tires, quarter car suspension, and seat suspension stiffness,
respectively; cs is the damping coefﬁcient of the quarter
car suspension; the tire damping is ignored; and seat
suspension damper is an adjustable damper composed of
the MRD. Zr is the displacement function of road
irregularity, Zu, Zs, and Zseat are the vertical displacement
coordinates of the wheel axle, body, and seat cushion
upper surface, respectively, and the coordinate origin is at
their respective equilibrium positions. FMRD is the
damping force generated by the MRD. Parameters of
the 3-DOF suspension system are obtained from the
literatures [26,27], and the speciﬁc parameters are listed in
Table 1.
According to Newton’s second law, the dynamic
differential equation of the 3-DOF semi-active seat
suspension system is built as follows:
::

mseat Z seat þ kseat ðZ seat  Z s Þ þ F MRD ¼ 0;

ð1Þ

::
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The parameters of the 3-DOF seat suspension system
are described by the phenomenon model [28], and the FMRD
equations of the seat adjustable damping force are as
follows:
F MRD ¼ c1 Z_ ID þ k1 ðZ ST D  Z 0 Þ;
Z_ ID ¼

1
½az þ c0 Z_ ST D þ k0 ðZ ST D  Z ID Þ;
c0 þ c1

z_ ¼ gjZ_ ST D  Z_ ID jzjzjn1  bðZ_ ST D  Z_ ID Þjzjn
þ AðZ_ ST D  Z_ ID Þ;

ð6Þ
ð7Þ

ð8Þ

Z ST D ¼ Z seat  Z s ;

ð9Þ

a ¼ aa þ ab u;

ð10Þ

Take the state vector as X ¼ ½Z seat Z_ seat Z s Z_ s Z u Z_ u T ,
and convert the motion differential equation of the semiactive suspension system into the system state equation
and output equation:

c1 ¼ c1a þ c1b u;

ð11Þ

c0 ¼ c0a þ c0b u;

ð12Þ

_
X ¼ AX þ BU þ GW;

ð4Þ

u_ ¼ hðu  vÞ;

ð13Þ

Y ¼ CX þ DU;

ð5Þ

ð2Þ

::

mu Z u  ks ðZ s  Z u Þ  cs ðZ_ s  Z_ u Þ þ kt ðZ u  Z r Þ ¼ 0: ð3Þ

where,

where, v is the voltage required to control the driving
current of the MRD; u is the ﬁrst-order ﬁlter input control
voltage; ZSTD represents the seat travel deformation; Z0
represents the initial displacement of the spring k1, which is
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Fig. 2. 3-DOF seat suspension system.

related to the standard damping force generated by the
compensator; ZID is the internal displacement of the MRD,
which is a ﬁctitious variable; z is the evolution variable of
the hysteresis effect produced by the damper; k1 represents
the stiffness coefﬁcient of the compensator; c1 is used to
generate the damping coefﬁcient at low speeds in the forcevelocity relationship; a, b, g, and A are used to control the
size and shape of the nonlinear hysteresis cycles; c0 and k0
are the viscous damping coefﬁcient and stiffness coefﬁcient
at high speed, respectively; h is the ﬁlter gain, which
determines the change rate of the magnetic ﬁeld to the
equilibrium state of the magnetorheological ﬂuid.

2.2 Parameter identiﬁcation of the phenomenon
model
According to equations (6)–(13), 14 parameters need to be
determined for the phenomenon model of the MRD. In this
study, the experimental data were obtained by the
experimental method, and the dynamic model of the
MRD was established by the improved ﬁreﬂy algorithm
(IFA).
Wu et al. [29] proposed an improved ﬁreﬂy algorithm
in 2020 based on Xin-She Yang’s classic ﬁreﬂy algorithm
[30] and the Lévy-ﬂight ﬁreﬂy algorithm [31]. This
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Table 1. 3-DOF seat suspension system parameters.
Parameter

Symbol

Unit

Value

Seat mass
Sprung mass
Unsprung mass
Seat spring stiffness
Seat suspension damping (for passive system)
Sprung mass stiffness
Srung mass damping
Unsprung mass stiffness

mseat
ms
mu
kseat
cseat
ks
cs
kt

kg
kg
kg
N/m
N s/m
N/m
N s/m
N/m

80
410
39
5000
300
20000
1500
183000

Fig. 3. The ﬂowchart of the IFA.

algorithm is an adaptive log-spiral Lévy-ﬂight ﬁreﬂy
optimization method, which strengthens the global search
ability of the Lévy-ﬂight ﬁreﬂy algorithm. It has faster
convergence speed and calculation accuracy than the
classical ﬁreﬂy algorithm. The principle of the IFA is shown
in Figure 3.

The intensity of light emitted by ﬁreﬂies is inversely
proportional to the square of the distance and decreases with
increasing distance. The mathematical expression is as follows:
 
gr2
I ij rij ¼ I i e ij ;

ð14Þ
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where Ii is the absolute brightness of the ﬁreﬂy i, g is the
light absorption coefﬁcient, Iij is the relative brightness of
the ﬁreﬂy i to the ﬁreﬂy j, rij is the distance between ﬁreﬂy i
and ﬁreﬂy j.
Fireﬂies with high absolute brightness attract ﬁreﬂies
with low absolute brightness nearby and constantly gather
around them. The mathematical expressions of the ﬁreﬂy
attractiveness b, distance rij, and updated position xi are
established as shown in formulas (15)–(17).

problem is as follows:
8
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u N 
>
2
>
u 1 X Exp
<
F i  F Sim
min f ¼ t
i
;
N i¼1
>
>
:
s:t: QLower  Q  QUpper

ð21Þ

where, f is the objective function, F Exp
is the experimental
i
is the
data of the damping force output by the MRD, F Sim
i
damping force data obtained through simulation of the
phenomenal model, N is the number of the comparing data,
 
gr2
ð15Þ QLower and QUpper are vectors consisted of the lower and
bij rij ¼ b0 e ij ;
upper ranges of the parameter vector Q, respectively, and
the detailed parameter boundaries are listed in Table 2.
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u d
The dynamic characteristics of the MRD were obtained
uX

2
ð16Þ by the experimental method. Its test bench is shown in
xi;k  xj;k ;
rij ¼ t
k¼1
Figure 4. A RD 8040-1 MRD for the seat suspension system
was made by LORD Company. The hydraulic servo shock
(
absorber test bench made by the MTS Company was


2
gr
xi;t þ b0 e ij xj;t  xi;t þ dsignðrand  0:5Þ⊗Levy; g > 0:5 taken. The current of the MRD was regulated by the DC
;
xi;tþ1 ¼


2
gr
xi;t þ b0 e ij xj;t  xi;t ⊗ebh ⊗cosð2phÞ; g  0:5
power source. Sinusoidal excitation at different frequencies
ð17Þ (0.53 Hz, 0.85 Hz, 1.06 Hz, 1.60 Hz, 3.18 Hz, and 6.37 Hz)
with amplitude of 15 mm was set, and different driving
where, b0 is the maximum attractiveness (r = 0); d is currents (0 A, 0.2 A, 0.4 A 0.6 A, and 0.8 A) were applied
dimension; d is a random number between [0,1]; for the experiment. The force-displacement characteristic
⊗is Hadamard product; h is the uniform random vector data of different frequencies and currents were obtained.
in [–1,1]; g is the switch parameter of global search and local The corresponding speed value can be calculated using the
search, which is a random number in [0,1]; sign ( · ) is a ﬁve-point center method [32].
To estimate the parameters of the MRD phenomenon
symbolic function; b is a constant that deﬁnes the shape of
the logarithmic spiral; xi,t and xj,t are the positions of the model, MATLAB (R2020b) was used to program to
ﬁreﬂy i and the ﬁreﬂy j at the time t, respectively; Levy is minimize the RMSE between the experimental data and
the Lévy-ﬂight random number, which is calculated by the simulation value. The IFA parameter settings: b0 = 1.0,
g = 1.0, a = 0.2, b = 1.0, the population size was 20, the
equations (18) and (19).
number of iterations was 800, the identiﬁcation parameters
were taken by the average value of 10 simulations for every
fm1
;
ð18Þ group to eliminate any spurious data. The parameter
Levy ¼
1=h
jm2 j
identiﬁcation results of the phenomenon model are listed in
where m1 and m2 conform the standard normal distribu- Table 3. The ﬁtting results of the predicted values and the
experimental data are depicted in Figure 5. Dashed lines
tions, b = 1.5, and ’ is calculated as follows,
represent experimental data and solid lines forecast data. It
"
#1=h
can be seen from Figure 5 that the simulation results of the
Gð1 þ hÞsinðph=2Þ
;
ð19Þ phenomenon model identiﬁed by the IFA are in good
f¼
agreement with the experimental data, which can better
Gðð1 þ hÞ=2Þh2ðh1Þ=2
simulate the nonlinear hysteretic characteristics of the MRD.
whereG (<>)is the standard Gamma function.
The 14 parameters to be identiﬁed of the phenomenon
3 MRD controller
model are expressed in vector form as follows:
Q ¼ ½c1a ; c1b ; k1 ; Z 0 ; c0a ; c0b ; aa ; ab ; k0 ; g; b; A; n; h:

ð20Þ

Phenomenal model parameter identiﬁcation is a constrained optimization problem. In this study, root mean
square error (RMSE) is taken as the objective function to
express the error between the experimental data of the
MRD and the simulation value of the phenomenal model.
Under the boundary constraints of the parameter vector Q,
the objective function is minimized using the IFA. The
mathematical description of the constrained optimization

Heaviside step function is used in the MRD control
algorithm to realize real-time tracking and semi-active
control. Dyke et al. [10] used the Heaviside step function in
the MRD control algorithm for the ﬁrst time to solve the
clipped-optimal control algorithm of the MRD for semiactive control. The mathematical expression of the
Heaviside step function to control the MRD voltage v is
as follows:
v ¼ V max H ððF c  F d ÞF d Þ;

ð22Þ
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Table 2. The constraint values of the parameter vector Q.
Value
Parameter
c1a (N s/mm)
c1b (N s/(V mm))
k1 (N/mm)
Z0 (mm)
c0a (N s/mm)
c0b (N s/mm)
aa (N/mm)

QLower
1
1
0.1
10
0
0
10

Parameter
QUpper
50
50
1.5
10
10
10
100

Value
QLower

ab (N/(V mm))
k0 (N/mm)
g (mm2)
b (mm2)
A
n
h (s1)

10
0.1
0
1
1
1
100

Fig. 4. Experiment on dynamic characteristics of the MRD.

QUpper
100
1.5
1
10
100
5
200

8
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Table 3. Parameter identiﬁcation results of the Phenomenon model by IFA.
Parameter

Value

Parameter

Value

c1a
c1b
k1
Z0
c0a
c0b
aa

14.65 N s/mm
28.97 N s/(V mm)
0.96 N/mm
0 mm
0.65 N s/mm
1.05 N s/mm
25 N/mm

ab
k0
g
b
A
n
h

45 N/(V mm)
0.5 N/mm
0.14 mm2
2.06 mm2
78
2
120 s1

Fig. 5. Comparison between the experimental data and the simulation results of the phenomenon model identiﬁed by IFA: (a) Force
vs. displacement; (b) Force vs. velocity.
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Fig. 6. PID control schematic diagram.

Table 4. PID controller regulation characteristics [33].
Parameter

Rise time

Overshoot

Setting time

Steady state erro

Stability

Increasing of Kp
Increasing of Ki
Increasing of Kd

Decrease
Small decrease
Small decrease

Increase
Increase
Increase

Small increase
Increase
Decrease

Decrease
Large decrease
Minor change

Degrade
Degrade
Improve

where vmax is the maximum control voltage of the MRD,
H( ) is the Heaviside step function, Fc is the desired
damping force estimated by the system controller, Fd is the
actual damping force provided by the MRD.
The working principle of the MRD is described as
follows: (1) When Fc = Fd, the desired damping force is
equal to the actual damping force of the MRD. The voltage
applied to the MRD remains unchanged. (2) When Fc > Fd,
that is, the desired damping force is greater than the actual
damping force of MRD, the maximum voltage is applied to
satisfy the desired value. (3) In cases other than those
mentioned above, the voltage value of the MRD controller
is zero, that is, the MR damper has no ﬁeld effect.

4 System controller
4.1 PID controller
PID controller consists of proportional, integral, and
derivative. Proportional enters the control state through
the system and corrects in case of deviation. Integral
improves the accuracy of system control by calibration
when the system is static. The purpose of the derivative is
to improve the accuracy and sensitivity and improve the
stability of the control by correcting the deviations that
occur in the system. The principle of the PID control is
shown in Figure 6.
The mathematical expression of the PID control
algorithm is as follows:
F c ðtÞ ¼ K p eðtÞ þ K i ∫eðtÞdt þ K d

deðtÞ
;
dt

ð23Þ

where Fc is the desired damping force of the MRD
controller, e is the difference between the preset value and
the actual value of the controlled object, Kp is the

proportional coefﬁcient, Ki is the integral coefﬁcient, Kd
is the derivative coefﬁcient.
In the digital simulation control system, The PID
controller needs to be discretized. The expression of the
PID controller in discrete form is as follows:
F c ðkT Þ ¼ K p eðkT Þ þ K i
 eððk  1ÞT ÞÞ;

k
X
i¼0

eðiT Þ þ K d ðeðkT Þ
ð24Þ

where T is the sampling period, k is the sampling sequence,
k = 0, 1, 2, ….
The objective of this PID control research is to control
the vertical acceleration of the driver-seat. The difference
between the preset value and the actual value of the
controlled object is used as the input. It is controlled by
changing the adjustable damping force Fc.
To achieve the ideal control effect, it is necessary to set
the controller parameters of Kp, Ki, and Kd. In this study,
the trial-and-error method was used to set parameters in
the order of proportion, integral, and differential. According to the adjustment characteristics in Table 4, the
parameters were determined by following the transformation of the control effect after changing the PID
parameters. When adjusting Kp, increasing the value of Kp
from very small to very large, and then gradually reducing
it from very large to very small, and observe the change of
the control effect. The optimal Kp value is selected by
following the transformation of the control effect curve.
The adjustment of the integral coefﬁcient Ki is the same as
that of the proportional coefﬁcient Kp. Ki is also increased
from small to large by following the transformation of
control effect. If the control effect is not ideal, the inﬂuence
of the derivative coefﬁcient Kd in the control strategy
should be considered. The adjustment method of Kd is the

10
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Fig. 7. Fuzzy-PID control schematic diagram.

same as that of Kp and Ki. At the same time, increasing Kd
from minor to large, ﬁne-tune the Kp and the Ki, and
repeatedly adjust the values of the three parameters to
obtain the ideal control effect. Finally, the parameters of
the PID are selected as Kp = 25, Ki = 600, and Kd = 0.2.
4.2 Fuzzy-PID controller
The seat suspension system is a nonlinear time-varying
system, and the PID controller has the disadvantage that
the parameters cannot be dynamically adjusted. Therefore,
PID control is often combined with other intelligent control
systems to form a composite controller to control the
system. This research combines PID control and fuzzy
control to create a Fuzzy-PID controller, the principle of
which is shown in Figure 7. The fuzzy control is used to
adjust the PID control parameters in real-time to meet the
nonlinear characteristics of the semi-active seat suspension
system to achieve better control effects [34].
In the Fuzzy-PID controller, the vertical acceleration
(e) of the seat and its change rate (ec) are selected as the
input of the fuzzy controller, and the input value
:: is set to
zero. e is the vertical acceleration of the seat (Z seat ). The
output value of the fuzzy controller is the adjustment bulks
of Dkp, Dki and Dkdfor the PID controller. Through the PID
controller calculation, the best kp, ki and kd values are
obtained, and the ﬁnal output is the damping force required
by the MRD. The relationships between kp, ki, kd, Dkp, Dki
and Dkd are as follows:
8
< kp ¼ kp0 þ Dkp
k ¼ ki0 þ Dki ;
ð25Þ
: i
kd ¼ kd0 þ Dkd
where kp, ki and kd are the ﬁnal PID controller parameters;
kp0,ki0 and kd0 are the initial parameters before tuning; Dkp,
Dki and Dkd are the adjustment values of the proportional,
integral, and derivative coefﬁcients, respectively.
According to the simulation results of the passive seat
suspension system, the basic domain of the seat vertical
acceleration e is [–2.5, 2.5] m/s2, the basic domain of the

seat vertical acceleration change rate ec is [–50, 50] m/s3, the
basic domain of kp is [20, 40], the basic domain of ki is [300,
900], the basic domain of kd is [0.15, 0.25]. The input and
output fuzzy domains are normalized to the interval [–1,1],
then the input quantization factors are ke = 0.4 and
kec = 0.02, and the output scale factors are Up = 20,
Ui = 600, and Ud = 0.1. The initial parameters of kp0, ki0,
and kd0 are 25, 600, and 0.2, respectively. The two inputs and
three outputs of the fuzzy logic controller are described by
seven fuzzy language variables, namely, negative-big (NB),
negative-medium (NM), negative-small (NS), zero (ZO),
positive-small (PS), positive-median (PM) and positive-big
(PB). Membership functions were selected in terms of the
PID setting principle, the knowledge and experience of the
experts, and the literatures [21,35–38]. The membership
function of triangle distribution was taken as fuzzy input and
output variables. The Mamdani method was chosen for fuzzy
reasoning. A total of 49 control rules were established. The
output was defuzzied by the centroid method. MATLAB
software was used to establish the fuzzy controller, as shown
in Figure 8. Table 5 lists the fuzzy control rule table of the
change value of the output Dkp, Dki and Dkd of the fuzzy
controller with the change of the acceleration error e and the
acceleration change rate error ec.

5 Numerical simulation and results discussion
To evaluate the performance of the seat suspension system,
the acceleration and the dynamic stroke of the seat
suspension system were analyzed. In this paper, two
different road proﬁles were used to simulate the forced
vibration of the seat suspension system.
5.1 Random road proﬁle
The random white noise excitation function [39] is adopted,
and its time-domain expression is as follows:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Z_ r ðtÞ ¼ 2pf 0 Z r ðtÞ þ 2pn0 G0 v0 wðtÞ;
ð26Þ
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Fig. 8. Fuzzy controller.

Table 5. Fuzzy rules for Dkp-Dki-Dkd.
ec
e

NB

NM

NS

ZO

PS

PM

PB

NB
NM
NS
ZO
PS
PM
PB

NB-NB-NS
NB-NB-NS
NM-NM-ZO
NM-NM-ZO
NS-NM-ZO
NS-ZO-NB
ZO-ZO-NB

NB-NB-PS
NB-NB-PS
NM-NM-PS
NM-NM-PS
NS-NS-ZO
ZO-ZO-PS
ZO-ZO-NM

NM-NM-PB
NM-NM-PB
NM-NS-PM
NS-NS-PS
ZO-ZO-ZO
PS-PS-NS
PM-PS-NM

NM-NM-PB
NS-NS-PM
NS-NS-PM
ZO-ZO-PS
PS-PS-ZO
PM-PS-NS
PM-PM-NM

NS-NS-PB
NS-NS-PM
ZO-ZO-PS
PS-PS-PS
PS-PS-ZO
PM-PM-NS
PM-PM-NS

ZO-ZO-PM
ZO-ZO-PS
PS-PS-PS
PM-PM-PS
PM-PM-ZO
PM-PB-NS
PB-PB-NS

ZO-ZO-NS
PS-NS-ZO
PS-PS-ZO
PM-PM-ZO
PM-PB-ZO
PB-PB-NB
PB-PB-NB

where f0 is the lower cut-off frequency, which is 0.1 Hz; n0 is
the spatial reference frequency, which is 0.1 m1; Zr(t) is
the displacement of road irregularity, whose unit is m; G0 is
road irregularity coefﬁcient, whose unit is m3/cycle.
According to the ISO 8608-2016 standard, the road surface
is divided into eight grades from A to H. D-grade road
proﬁle is adopted in this research, and the value of G0 is
1024  106 m3/cycle. v0 is the vehicle speed, with a value
of 36 km/h. w(t) is the band-limited white noise signal.
The random road proﬁle of the D-grade is shown in
Figure 9. Comparing the passive seat suspension system,
the PID controlled MRD semi-active seat suspension

system, and the Fuzzy-PID controlled MRD semi-active
seat suspension system, the time-domain characteristics of
the seat acceleration and dynamic stroke of the seat
suspension system under random road proﬁle are shown in
Figure 10. The RMS values of the seat travel deformation
(STD) and seat acceleration are shown in Table 6 (the
value in parentheses is the reduction of fuzzy PID
compared with PID).
From Figure 10 and Table 6, it can be seen that both
PID control and Fuzzy-PID control can signiﬁcantly
improve the ride comfort and operational safety, and the
Fuzzy-PID control is better than the PID control.
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Fig. 9. D-grade random road proﬁle.

Compared with the passive seat suspension system, the
Fuzzy-PID control system can increase the ride comfort by
32.64%, which is less than 2% compared with the PID
control. In terms of operational safety, the Fuzzy-PID
control system reduces the seat suspension dynamic stroke
by 9.09% compared with the passive seat suspension
system and 1.64% compared with the PID control system.
The peak-to-peak values of the passive suspension system,
PID control system, and Fuzzy-PID control system for the
seat acceleration and STD are listed in Table 7. It can be
seen from Table 7 that the Fuzzy-PID control signiﬁcantly
affects the vibration reduction performance of the semiactive suspension system of the 3-DOF model. Compared
with the passive suspension system, the fuzzy PID control
system reduces the peak-to-peak value of the seat vertical
vibration acceleration by 20.54%, the PID control system
reduces the peak-to-peak value of the seat vertical
vibration acceleration by 18.48%, the fuzzy PID control
system reduces the peak-to-peak value of the seat
suspension dynamic travel by 13.18%, and the PID control
system reduces the peak-to-peak value of the seat
suspension dynamic travel by 12.35%. Compared with
the PID control system, the Fuzzy-PID control system has
no signiﬁcant improvement on seat acceleration and
dynamic stroke of the seat suspension, which thoroughly
veriﬁes the rationality of parameter setting of the standard
PID control system.
To further verify the inﬂuence of the Fuzzy-PID
controller and the PID controller on seat comfort and
operational safety, the energy method was used to analyze
the frequency response characteristics of the suspension
system of the 3-DOF system. The frequency-domain
characteristic curves of the seat acceleration and STD

are shown in Figure 11. It can be seen from Figure 11 that
the semi-active seat suspension system controlled by PID
and Fuzzy-PID has a signiﬁcant damping effect at the
natural frequency of the seat (0.89 Hz) and the natural
frequency of the sprung mass (1.49 Hz). It also shows that
the Fuzzy-PID control has a slightly higher effect than the
PID control. PID control and Fuzzy-PID control are not as
effective as a passive suspension in suppressing vibration
acceleration in the high-frequency range. Still, they have a
better suppressing effect on the seat suspension dynamic
stroke.
5.2 Bump road proﬁle
The bump road proﬁle was used to simulate the transient
response characteristics of the vehicle seat suspension
system traveling through the barrier. The displacement
function is deﬁned as follows [22]:
8
a
2pv0
l
>
>
1  cos
t ; 0  t 
<
v0 ; ð27Þ
l
Z r ðtÞ ¼ 2
l
>
>
:
0;
t>
v0
where a is the height of the bump, which is 0.07 m; l is the
width of the bump, which is 0.8 m; v0 is the velocity of the
vehicle, which is taken as 3.6 km/h.
The stroke response curve of the STD and the seat
acceleration response curve under the bump road proﬁle
are shown in Figure 12. The RMS values and the peak-topeak values of the STD and seat acceleration under bump
road proﬁle are listed in Tables 8 and 9, respectively.
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Fig. 10. Time domain characteristics of the seat suspension system under random excitation: (a) seat acceleration; (b) seat travel
stroke.

Table 6. RMS values under random road proﬁle.
Performance indices
2

Acceleration (m/s )
Reduction (%)
STD (m)
Reduction (%)

Passive

PID

Fuzzy-PID

0.4449
/
0.0066
/

0.3055
31.33
0.0061
7.58

0.2997
32.64 (1.9)
0.0060
9.09 (1.64)

Table 7. Peak-to-peak values under random road proﬁle.
Performance indices
2

Acceleration (m/s )
Reduction (%)
STD (m)
Reduction (%)

Passive

PID

Fuzzy-PID

2.2335
/
0.0340
/

1.8207
18.48
0.0298
12.35

1.7748
20.54 (2.52)
0.0295
13.18 (1.01)
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Fig. 11. Frequency domain characteristics of the seat suspension system under random excitation: (a) seat acceleration; (b) seat
travel stroke.

It can be seen from Figure 12, Table 8, and Table 9 that
Fuzzy-PID control and PID control can still show superior
vibration reduction performance under the excitation of
the bump road proﬁle. The Fuzzy-PID control shows better
damping characteristics than the PID control, which can
signiﬁcantly reduce the acceleration and the STD of the
seat suspension. Compared with the passive seat suspension, the Fuzzy-PID control semi-active seat suspension
has a 35.03% reduction in acceleration RMS value and an
13.78% reduction in the STD. Compared with the PID
control semi-active suspension system, the peak-to-peak
acceleration of the Fuzzy-PID control system is reduced by
12.25%, and the STD reduced by 11.74%. Fuzzy-PID
control and PID control semi-active suspension system can
quickly enter a stable state than passive suspension system.
Under the bump road proﬁle, the passive seat suspension is
prone to end-stop impacts, which seriously affecting the

ride comfort and handling safety. Fuzzy PID control and
PID control can signiﬁcantly reduce the occurrence of the
end-stop impacts by adjusting the control parameters to
improve the ride comfort.

6 Conclusions
The semi-active seat suspension was integrated with a
quarter vehicle model to analyze the ride comfort. The
experimental method was used to analyze the dynamic
characteristics of the MRD, and the IFA was used to
identify the parameters of the phenomenon model to build
the mathematical model of the MRD. The Heaviside step
function was used as the controller of the MRD to track and
feedback the desired damping force and the actual damping
force of the MRD in real-time to obtain the command
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Fig. 12. Time domain characteristics of the seat suspension system under bump road proﬁle: (a) seat acceleration; (b) seat travel
stroke.

Table 8. RMS values under bump road proﬁle.
Performance indices
2

Acceleration (m/s )
Reduction (%)
STD (m)
Reduction (%)

Passive

PID

Fuzzy-PID

1.2959
/
0.0196
/

0.9169
29.25
0.0188
4.08

0.8419
35.03 (8.18)
0.0169
13.78 (10.11)

voltage of the MRD and realize the semi-active control of
the seat suspension. Random road proﬁle and bump road
proﬁle were used to simulate the 3-DOF semi-active seat
suspension, and the seat acceleration and dynamic travel
stroke of the seat suspension were compared
between Fuzzy-PID control, PID control, and passive seat

suspension, so as to verify the inﬂuence of semi-active
control algorithm on ride comfort and operation safety.
The simulation results show that the seat suspension
system of the MRD can signiﬁcantly reduce the vibration
response under different road proﬁles to the human body
and reduces the impact of vibration on the physical and
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Table 9. Peak-to-peak values under bump road proﬁle.
Performance indices
2

Acceleration (m/s )
Reduction (%)
STD (m)
Reduction (%)

Passive

PID

Fuzzy-PID

7.8177
/
0.1177
/

6.7963
13.09
0.1090
7.44

5.9637
23.72 (12.25)
0.0962
18.31 (11.74)

mental health of drivers and passengers. Under the D-grade
random road proﬁle, Fuzzy-PID control reduce the RMS of
the seat acceleration by 32.64% and the peak-to-peak value
of suspension motion by 18.48%, as compared to that of the
passive seat suspension, thus improving the ride comfort
and reducing the probability of end-stop collision. Under
the bump road excitation, compared with passive suspension, the acceleration RMS value of the semi-active seat
suspension controlled by Fuzzy-PID decreases by 35.03%,
and the STD of the seat suspension decreases by 13.78%.
In summary, the 3-DOF seat suspension semi-active
control system using Fuzzy-PID controller and Heaviside
step function MRD controller can signiﬁcantly attenuate
seat vibration and reduce the end-stop collision, which has
the characteristics of simple structure, good stability, and
high robustness. It can be used in various vehicle seat
suspension systems to provide passengers with a safe and
comfortable driving environment, which has broad application prospects.

Funding
This research was supported by the National Key R&D
Program of China (No. 2017YFD070020402), State Key
Laboratory of Tractor Power System of China (No.
SKT2022001), and the Science and Technology Project
in Henan Province of China (No. 212102210328).

Data availability statement
The data used to support the ﬁndings of this study are
available from the corresponding author upon request.
Conﬂicts of interest. The authors declare no conﬂict of interest
relevant to this work.
Acknowledgments. This work was supported by the National
Key R&D Program of China (No. 2017YFD070020402), State
Key Laboratory of Power System of Tractor of China
(No. SKT202100X), and the Science and Technology Project
in Henan Province of China (No. 212102210328). All the authors
would like to thank the above-mentioned fundings for providing
ofﬁce, equipment, and materials to this project.

References
[1] S. Aisyah Adam, N.A. Abdul Jalil, K.A.M. Razali, Y.G. Ng,
The effects of posture on suspension seat transmissibility
during exposure to vertical whole-body vibration, J. Phys.:
Confer. Ser. 1262, 12026 (2019)

[2] V.K. Kumar, V.H. Saran, Biodynamic model of the seated
human body under the vertical whole body vibration
exposure, Int. J. Acoust. Vibr. 24, 657–664 (2019)
[3] J.L. Coyte, D. Stirling, H. Du, M. Ros, Seated whole-body
vibration analysis, technologies, and modeling: a survey,
IEEE Trans. Syst. Man Cybern. Syst. 46, 725–739 (2016)
[4] W. Li, H. Du, D. Ning, W. Li, Robust adaptive sliding mode
PI control for active vehicle seat suspension systems, in 31st
Chinese Control and Decision Conference (CCDC), IEEE,
Nanchang, China, 2019, pp. 5403–5408
[5] D. Ning, S. Sun, H. Li, H. Du, W. Li, Active control of an
innovative seat suspension system with acceleration measurement based friction estimation, J. Sound Vib. 384, 28–44
(2016)
[6] Y. Zhao, M. Alashmori, F. Bi, X. Wang, Parameter
identiﬁcation and robust vibration control of a truck driver’s
seat system using multi-objective optimization and genetic
algorithm, Appl. Acoust. 173, 107697 (2021)
[7] S.D. Nguyen, S. Choi, J. Kim, Smart dampers-based
vibration control  Part 1: Measurement data processing,
Mech. Syst. Signal Process. 145, 106958 (2020)
[8] S.H. Zareh, A.A.A. Khayyat, Fuzzy inverse model of
magnetorheological dampers for semi-active vibration control of an eleven-degrees of freedom suspension system, J.
Syst. Des. Dyn. 5, 1485–1497 (2011)
[9] D. Yoon, G. Kim, S. Choi, Response time of magnetorheological dampers to current inputs in a semi-active
suspension system: modeling, control and sensitivity analysis, Mech. Syst. Signal Process. 146, 106999 (2021)
[10] S.J. Dyke, B.F. Spencer, M.K. Sain, J.D. Carlson, Modeling
and control of magnetorheological dampers for seismic
response reduction, Smart Mater. Struct. 5, 565–575 (1996)
[11] M.A. Karkoub, M. Zribi, Active/semi-active suspension
control using magnetorheological actuators, Int. J. Syst. Sci.
37, 35–44 (2006)
[12] N.D. Sims, R. Stanway, D.J. Peel, A. Johnson, Controllable
viscous damping: an experimental study of an electrorheological long-stroke damper under proportional feedback
control, Smart Mater. Struct. 8, 601–615 (1999)
[13] G. Hu, Q. Liu, G. Li, M. Xu, Simulation and analysis of
adjustable Sigmoid model for a typical magnetorheological
damper, Mach. Tool Hydraul. Mach. Tool Hydraul. 44, 9–15
(2016)
[14] D.H. Wang, W.H. Liao, Semiactive controllers for magnetorheological ﬂuid dampers, J. Intel. Mater. Syst. Struc t., 16,
983–993 (2005)
[15] D.H. Wang, W.H. Liao, Modeling and control of magnetorheological ﬂuid dampers using neural networks, Smart
Mater. Struct. 14, 111–126 (2005)
[16] B.A. Negash, W. You, J. Lee, K. Lee, Parameter
identiﬁcation of Bouc-Wen model for magnetorheological
(MR) ﬂuid damper by a novel genetic algorithm, Adv. Mech.
Eng. 12, 1–12 (2020)

X. Chen et al.: Mechanics & Industry 23, 18 (2022)
[17] X. Dong, M. Yu, C. Liao, W. Chen, Comparative research on
semi-active control strategies for magneto-rheological suspension, Nonlinear Dyn. 59, 433–453 (2010)
[18] S. Gad, H. Metered, A.M. Bassiuny, A.M.A. Ghany, Ride
comfort enhancement of heavy vehicles using magnetorheological seat suspension, Int. J. Heavy Vehicle Syst. 22,
93–113 (2015)
[19] S. Gad, H. Metered, A. Bassuiny, A.M. Abdel Ghany, Multiobjective genetic algorithm fractional-order PID controller
for semi-active magnetorheologically damped seat suspension, J. Vib. Control 23, 1248–1266 (2015)
[20] S.B. Zdenko Kovacic, Fuzzy controller design: theory and
applications (CRC Press, USA, 2006)
[21] D. Singh, M.L. Aggarwal, Passenger seat vibration control of
a semi-active quarter car system with hybrid fuzzy-PID
approach, Int. J. Dyn. Control 5, 287–296 (2017)
[22] D. Ning, S. Sun, F. Zhang, H. Du, W. Li, B. Zhang,
Disturbance observer based Takagi-Sugeno fuzzy control for
an active seat suspension, Mech. Syst. Signal Process. 93,
515–530 (2017)
[23] C. Chao, M. Liu, C. Wang, J. Chiou, A fuzzy adaptive
controller for cuckoo search algorithm in active suspension
system, J. Low Frequency Noise, Vibr. Active Control 39,
761–771 (2020)
[24] A. Alfadhli, J. Darling, A. Hillis, The control of an active seat
suspension using an optimised fuzzy logic controller, based
on preview information from a full vehicle model, Vibration
1, 20–40 (2018)
[25] D.X. Phu, S. Choi, S. Choi, A new adaptive hybrid controller
for vibration control of a vehicle seat suspension featuring
MR damper, J. Vib. Control 23, 3392–3413 (2016)
[26] L. Tu, D. Ning, S. Sun, W. Li, H. Huang, M. Dong, H. Du,
A novel negative stiffness magnetic spring design for
vehicle seat suspension system, Mechatronics 68, 102370
(2020)
[27] Y. Qin, F. Zhao, Z. Wang, L. Gu, M. Dong, Comprehensive
analysis for inﬂuence of controllable damper time delay on
semi-active suspension control strategies, J. Vib. Acoust.
139 (2017)

17

[28] B.F. Spencer, S.J. Dyke, M.K. Sain, J.D. Carlson, Phenomenological model of a magnetorheological damper, J. Eng.
Mech. 123, 230–238 (1997)
[29] J. Wu, Y. Wang, K. Burrage, Y. Tian, B. Lawson, Z. Ding,
An improved ﬁreﬂy algorithm for global continuous
optimization problems, Expert Syst. Appl. 149, 113340
(2020)
[30] X. Yang, Fireﬂy algorithms for multimodal optimization,
Stoch. Algor.: Found. Appl. Proc. 5792, 169–178 (2009)
[31] X. Yang, Fireﬂy Algorithm, Levy Flights and Global
Optimization, Research and Development in Intelligent
Systems XXVI: Incorporating Applications and Innovations
in Intelligent Systems XVII, 209–218 (2010).
[32] Y. Chen, D. Xue, Solving applied mathematical problems
with MATLAB (CRC Press, Boca Raton, 2008)
[33] K.H. Ang, G. Chong, Y. Li, PID control system analysis,
design, and technology, IEEE Trans. Contr. Syst. T 13, 559–
576 (2005)
[34] H. Khodadadi, H. Ghadiri, Self-tuning PID controller design
using fuzzy logic for half car active suspension system, Int. J.
Dyn. Control 6, 224–232 (2018)
[35] P. Swethamarai, P. Lakshmi, Design and implementation of
fuzzy-PID controller for an active quarter car driver model to
minimize driver body acceleration, 2019 IEEE International
Systems Conference (SysCon), 2019.
[36] A.G.A. Muthalif, H.B. Kasemi, N.H.D. Nordin, M.M.
Rashid, M.K.M. Razali, Semi-active vibration control using
experimental model of magnetorheological damper with
adaptive F-PID controller, Smart Struct. Syst. 20, 85–97
(2017)
[37] M. Paksoy, R. Guclu, S. Cetin, Semiactive self-tuning fuzzy
logic control of full vehicle model with MR damper, Adv.
Mech. Eng. 6, 816813 (2015)
[38] N.M. Ghazaly, Fuzzy and PID controlled active suspension
system and passive suspension system comparison, Int. J.
Adv. Sci. Technol. 28, 1721–1729 (2019)
[39] J. Li, L. Xu, K. Zhang, Tire dynamic load characteristics
analysis of heavy vehicles under non-stationary running
condition, J. Vibr. Shock 39, 109–114 (2020)

Cite this article as: X. Chen, H. Song, S. Zhao, L. Xu, Ride comfort investigation of semi-active seat suspension integrated with
quarter car model, Mechanics & Industry 23, 18 (2022)

