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Abstract. This paper introduces an improved adaptive fuzzy sliding-mode control approach for semi-active seat
suspension utilizing magnetorheological fluid (MRF) dampers. Firstly, the damping characteristic of the MRF
damper was tested, and the dynamics model of MRF damper was established. Secondly, the 5-degree-of-freedom
“human-seat” suspension system model was built and adaptively simplified, and a suitable adaptive control law
was designed to estimate the perturbations generated during the simplification process of the human-seat model
online. Based on the simplified model, a fuzzy algorithm was adopted to optimize the approach rate parameters in
the sliding-mode control so as to improve the robustness of the system while guaranteeing the approach rate, and
hyperbolic tangent function was employed to replace the sign function in the switching term to make the system
more continuous during the switching process, which effectively reduces the “chatter” problem in the sliding-
mode control. Thirdly, the dynamics model of the MRF damper is added into the sliding-mode control model
to ensure the effectiveness of the MRF damper output control force. Finally, the effectiveness of the improved
adaptive fuzzy sliding-mode control method was confirmed through simulation, demonstrating its capability
to significantly reduce seat acceleration and suspension dynamic deflection under different working conditions
compared with passive damping, skyhook control, and sliding-mode control.

1 Introduction

Heavy commercial vehicles, tractors, and construction ma-
chinery have high inherent suspension frequencies due to
their own performance needs. When the vehicle is driven
in a harsh working environment, the unevenness of the road
surface, potholes, and other factors will cause frequent low-
frequency vibration problems in the cab. If the driver is ex-
posed to this working environment for a long time, it will
seriously affect their work efficiency or, worse, cause seri-
ous harm to their body (Maciejewski, 2012). To attenuate the
vibration transmitted from the vehicle to the driver’s body
and to improve the vehicle driver’s comfort, research on seat
damping is necessary, and so conducting seat damping re-

search for commercial vehicles and off-road vehicles is of
great scientific significance and application value (Yin et al.,
2021). The main research elements of vehicle seat damp-
ing include seat structure optimization, improved seat cush-
ion design, and increased seat damping suspension. Among
them, the optimized seat structure and cushion design cannot
effectively attenuate the low-frequency and large-amplitude
vibration excitation that is most harmful to drivers. There-
fore, the design of seat suspension damping has become a
hot topic of current research (Zhao et al., 2021).

The current seat suspension mainly has three types: pas-
sive, active, and semi-active (Wang et al., 2022). The passive
seat suspension has a simple structure and high reliability,
but, due to its stiffness and damping coefficient, the vibration
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attenuation ability is limited and cannot effectively attenuate
low-frequency vibration; the active suspension has a good
damping effect and can effectively attenuate low-frequency
vibration, but its use is also affected by its high cost and
low reliability (Rosli et al., 2021). Semi-active suspension
has good application prospects in the field of seat damping
because it has the advantages of simple structure, high re-
liability, and a similar damping effect in relation to active
suspension (Sun et al., 2018). Shen et al. (2026) proposed
a semi-active inerter–spring–damper (ISD) system, with a
solenoid-valve-regulated fluid inerter as its core component.
This design leverages the frequency-dependent negative stiff-
ness characteristic of the inerter to improve the dynamic per-
formance of the suspension system.

Semi-active seat suspensions can be divided into
three types: damping adjustable, stiffness adjustable, and
stiffness–damping adjustable at the same time. Variable
damping dampers are mainly electrical, magnetorheologi-
cal fluid (MRF) dampers, mechanically adjustable damping-
adjustable dampers, motor-controlled damping-adjustable
dampers, and other types, of which magnetorheological liq-
uid dampers have been widely used in construction, bridges,
and automotive suspensions due to their low energy con-
sumption, simple structure, large adjustable damping-force
range, and rapid response (Sun et al., 2015).

Bai et al. (2016) developed a semi-active seat suspension
system based on a rotating MRF damper, and the torque
of the MRF damper can be increased linearly from 1.02 to
13.53 Nm within a certain current range, and this seat sys-
tem can achieve a better damping effect when vibrating at
high speed or under impact. Sun et al. (2016) proposed a seat
suspension with a rotary MRF damper for heavy-duty vehi-
cles and achieved a good vibration reduction effect. Hu et
al. (2020) applied magnetorheological liquid dampers to the
seat suspension of an armored vehicle and designed an opti-
mal semi-active control algorithm, which also achieved good
control results. Deng conducted an investigation on a seat
suspension featuring compact variable stiffness and damping
rotary magnetorheological dampers (Deng et al., 2022). Yu et
al. (2020) developed an enhanced magnetorheological rotary
damper for seat suspension, which demonstrated significant
efficiency in reducing vibrations.

In semi-active suspension, the study of control algorithms
as a key issue of semi-active control can effectively enhance
the vibration-damping capability of semi-active suspension.
The control algorithms mainly include PID (proportional in-
tegral derivative) control (Yang et al., 2023a), adaptive con-
trol (Song et al., 2005), fuzzy control (Hu et al., 2017),
sliding-mode control (Yang et al., 2023b), H control (Du et
al., 2019), LCPP (low-complexity prescribed performance)
control (Wang et al., 2026), etc. Sliding-mode control stands
out for its robustness among these control methods, but, due
to the influence of measurement errors, time lags, and other
factors, this method can cause chattering problems in the
control process, which seriously affects the effect of sliding-

mode control. In this paper, the hyperbolic tangent function
replaces the sign function in the switching term of the con-
vergence rate so that the boundary layer of the system can
shrink continuously with the state trajectory, thus effectively
suppressing the chatter problem of sliding-mode control.

In addition, since the MRF damper is used in this study to
realize the sliding-mode control, the mechanical properties
of the MRF damper need to be considered in the study of the
control algorithm. Meanwhile, the human body attitude is in-
volved in the vehicle seat vibration control. Existing studies
usually simplify the human-seat system model directly into
a single-degree-of-freedom vibration model for control, but
this treatment ignores the influence of the human body’s at-
titude changes on the controller during vehicle driving.

In light of the above analysis, this paper presents an im-
proved adaptive fuzzy sliding-mode control method for semi-
active seat suspension. The initial step involves establish-
ing the dynamics model of the MRF damper and subse-
quently confirming the model’s accuracy. Then, a 5-degree-
of-freedom human seat model has been developed and sim-
plified for seat vibration control, and a suitable adaptive con-
trol law is designed to estimate the perturbations and exter-
nal disturbances generated during the simplification process
of the human seat model in real time online. Then, a sliding-
mode control method based on an exponential convergence
rate is designed to calculate the desired damping force of the
semi-active seat suspension. In order to solve the problem of
chatter in the sliding-mode control, fuzzy control is used to
optimize the convergence law, and, in the design process of
the convergence law, a hyperbolic tangent function is chosen
to replace the sign function in the convergence law switching
term so as to reduce the chatter of the system.

Building upon these considerations, the mechanical prop-
erties of the MRF damper are integrated into the sliding-
mode control method by incorporating the damper’s dynamic
model. The reference model for the sliding-mode control is
based on the ideal skyhook control method, which takes into
account the dynamics of the MRF damper. The damping-
force outputs the control force through the MRF damper in-
verse model. Finally, the control algorithm’s performance
is evaluated using simulation analysis across various road
conditions. Additionally, a comparative analysis with other
control methods is conducted to confirm the efficacy of the
method outlined in this paper. The main research content of
the paper is shown in Fig. 1.

2 The dynamic model of MRF damper

MRF damper is a new type of damper that employs magne-
torheological fluid as its working medium and achieves pre-
cise control of the damping force through current transfor-
mation. This kind of damper has the advantages of an exten-
sive variable range of damping force, rapid response, easy-to-
realize real-time control, wide operating temperature range,
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Figure 1. The main research content of improved adaptive fuzzy sliding-mode control.

Figure 2. Mechanical characteristics test of MRF damper. (a) The
MRF damper used in the research, (b) Dynamic-characteristic test.

and high stability (Morales et al., 2018). Establishing an ac-
curate dynamic model is necessary to achieve precise control
of MRF damper.

2.1 Dynamic-characteristic test of MRF damper

When constructing the dynamic model of the MRF damper, it
is imperative to conduct tests to assess its dynamic character-
istics. The Instron E10000 electronic dynamic and static test-
ing machine was used in this experiment. The MRF damper
used in this study has a stroke of 35 mm, a tensile length
of 230 mm, and a diameter of 40 mm. The sinusoidal signal
with displacement amplitudes of 5 and 10 mm and frequen-
cies of 1, 2, and 3 Hz were applied to the damper. The control
currents of the experiment were 0, 1, 2, 3, 4 and 5 A. The ex-
perimental process is shown in Fig. 2. This paper selects the
experimental results of 10 mm, 2 Hz working conditions to
analyze, as shown in Fig. 3.

As evident from the experimental findings depicted in
Fig. 3, the damping-force and displacement curves of the
MRF damper are approximately elliptical and relatively full,

indicating that the damper has good energy consumption
and vibration attenuation performance during operation. The
damping force of the MRF damper experiences a significant
increase as the input current rises, indicating that the damper
has good current control performance.

2.2 The forward dynamic model of the MRF Damper

Common forward dynamic models of MRF dampers include
the Bingham model (Stanway et al., 1987), the polynomial
model (Choi et al., 2001), the Bouc–Wen model (Bouc,
1976), and the hyperbolic tangent model (Kwok et al., 2006).
Among them, the Bouc–Wen model finds widespread use
due to its ability to represent the nonlinear characteristics of
MRF dampers more effectively. Therefore, this paper em-
ploys the Bouc–Wen model to represent the dynamics of
MRF damper. The damping-force expression of the Bouc–
Wen model is as follows (Wen, 1976):{
F = c0ẋ+ k0(x− x0)+αz

ż=−γ |ẋ|z|z|n−1
−βẋ|z|n+Aẋ.

(1)

In this context, the variables are defined as follows: F rep-
resents the damping force of the MRF damper, c0 is the vis-
cosity coefficient of the magnetorheological fluid after yield-
ing, x signifies the relative displacement between the two
ends of the damper, ẋ is the relative velocity of the two ends
of the damper, x0 is the relative equilibrium position offset
displacement, z is the hysteresis variable, n is the curve-
rounding coefficient, γ is the adjustment coefficient of the
hysteresis loop width, β is the adjustment coefficient of the
hysteresis loop height, α is the adjustment coefficient of the
proportion of the total damping force, and A is the scaling
factor related to the maximum damping force.

In this research, the parameter identification of the Bouc–
Wen model is conducted using the Simulink parameter esti-
mation module in MATLAB. The initial step involves con-
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Figure 3. Damping-characteristic diagram of the MRF damper. (a) The 10 mm–2 Hz displacement force characteristic and (b) the 10 mm–
2 Hz speed force characteristic.

Table 1. Identification results of each parameter.

Parameter Value

c0 0.0305I2
+ 0.1537I + 0.1112

β 0.0070
γ 26.103
n 1
k0 1.0036
x0 203.86
A 56.325
α −1.861I2

+ 14.3I + 33.26

structing the Bouc–Wen model in Simulink. After complet-
ing the modeling, the test data are imported.

After completing the modeling, we then import the test
data. The input value was the displacement of the damper
piston, and the output was damping force. Then we se-
lected the parameters to be identified. Firstly, the damping-
characteristic curves for the 10 mm, 2 Hz working condition
were integrated into the Simulink model. Subsequently, the
Bouc–Wen model’s eight parameters were derived through
the initial identification process. Various parameters exert
distinct influences on the model. Further comparison shows
that the fluctuations of the two parameters α and c0 are sig-
nificant under different currents, and so the remaining pa-
rameters are held constant during the subsequent parameter
identification process. The values of the two parameters α
and c0 under different currents are identified separately, and,
finally, the relationship curves between these two parameters
and the current are fitted. The parameter identification results
are shown in Table 1 (I is the current in Table 1), and a com-
parison of the model fitting results with the experimental re-
sults is shown in Fig. 4.

Figure 4 displays the force–displacement and force–
velocity characteristic curves of the MRF damper. The solid
and dashed lines indicate the experimental measurements

and the calculated values of the Bouc–Wen simulation model
under the currents of 0, 1, 2, 3, 4, and 5 A. The figures show
that the damping force calculated by the MRF damper dy-
namic model established in this paper is consistent with the
actual damping force obtained from the experimental tests,
which can meet the requirements of semi-active control.

To further verify the universality of the identified model
under different working conditions, the test data obtained un-
der other working conditions should be input into the model
for validation. The comparison results are shown in Fig. 5.

As can be seen from Fig. 5, the identified Bouc–Wen
model can accurately reflect the displacement–damping-
force characteristics and velocity–damping-force character-
istics of the magnetorheological fluid damper and exhibits
good universality under different working conditions

2.3 The inverse dynamic model of the MRF Damper

In the context of semi-active seat suspension control, the
control force is determined through a control method but
then needs to be transmitted via the magnetorheological fluid
(MRF) damper. This entails adjusting the current of the MRF
damper to achieve the desired control force, which requires
the establishment of an inverse dynamics model for the MRF
damper. The MRF damper’s forward dynamics model is
complex, presenting significant nonlinearity in the relation-
ship between output damping force, input control current,
relative piston displacement, and velocity. This complexity
makes it challenging to derive the control current directly
from the desired control force using a direct mathematical
method (Gao et al., 2023). To address this, our approach em-
ploys a BP neural network to establish the inverse model for
the MRF damper.

Training data samples are generated to ensure comprehen-
sive coverage of the MRF damper’s operational range, with
consideration of the structural parameters used in this study.
These samples involve random excitation signals with dis-
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Figure 4. Comparison of test and simulation models’ (a) 10 mm, 2 Hz displacement–force characteristic and (b) 10 mm, 2 Hz speed–force
characteristic.

placements of less than 10 mm as input training data and their
derivatives as velocity input training data. For control input
current, random white-noise signals in the range of 0–5 A
serve as training samples. These training samples are then
fed into the Bouc–Wen dynamic model of the MRF damper,
producing the corresponding output damping force as train-
ing data.

Once the BP neural network inverse model for the MRF
damper has been successfully trained, a selected dataset is
utilized to test the neural network’s ability to predict the con-
trol current. Then the error between predicted current and
actual current is calculated. The prediction results and error
analysis are presented in Fig. 6.

It can be seen from Fig. 6 that the current values predicted
by the BP neural network model established in this paper
are in good agreement with the actual current values. A fur-
ther analysis of the current prediction error shows that the
maximum current prediction error is 0.71 A. The root mean
square (rms) value of the prediction error for the BP neu-
ral network is remarkably low, measuring at just 0.168 A.
This level of accuracy fulfills the control requirements of the
MRF damper. Following the establishment of both the dy-
namic and inverse dynamic model of the MRF damper, the
calculation of the MRF damper’s control current can be car-
ried out based on the expected control force derived from the
semi-active control algorithm.

3 Human-seat suspension model

3.1 The establishment of the human-seat suspension
model

When establishing the human-seat suspension model, this
paper adopts the 5-degree-of-freedom human-seat model
(Wang et al., 2018) for semi-active control research, as
shown in Fig. 7. In the figure,M1–M5, respectively represent
the mass of the seat itself, the mass of the human pelvis, the
mass of the human viscera, the mass of the upper torso, and

the mass of the head. k1–k5, respectively, represent the stiff-
ness of the seat suspension, the stiffness of the human pelvis,
the stiffness of the human viscera, the stiffness of the upper
torso, and the stiffness of the head; fMRF is the damping force
of the MRF damper when no current is added to it; c2–c5 are
the damping coefficients of the human pelvis, the damping
of the upper torso, the damping of the human viscera, and
the damping of the head, respectively; k2c and c2c are the
stiffness and damping coefficient of the seat cushion, respec-
tively, x0–x5 represent the displacement of the vehicle floor,
seat cushion, pelvis, upper torso, viscera, and head. In ad-
dition, the MRF damper can directly generate control force
after current is applied, and the generated control force is
represented by f(t). The system dynamic equation is shown
in Eq. (2).

M1ẍ1 +k1(x1− x0)+ fMRF+ f(t)+
c2·c2c
c2+c2c

(ẋ1− ẋ2)
+

k2·k2c
k2+k2c

(x1− x2)= 0
M2ẍ2 +

c2·c2c
c2+c2c

(ẋ2− ẋ1)+ k2·k2c
k2+k2c

(x2− x1)
+k4(x2− x4)+ c4(ẋ2− ẋ4)= 0

M3ẍ3 +k3(x3− x4)+ c3(ẋ3− ẋ4)= 0
M4ẍ4 +k4(x4− x2)+ c4(ẋ4− ẋ2)+ k3(x4− x3)

+c3(ẋ4− ẋ3)+ k5(x4− x5)+ c5(ẋ4− ẋ5)= 0
M5ẍ5 +k5(x5− x4)+ c5(ẋ5− ẋ4)= 0

(2)

3.2 Model simplification

To precisely control the multi-degree-of-freedom human-
seat suspension system, it is necessary to determine each
part’s stiffness and damping coefficients. Due to the nonlin-
ear structure of the human body, its stiffness and damping
coefficients will constantly change with different postures
during practical operation, making it difficult to measure ac-
curately. The design of semi-active control algorithms based
on multiple-degree-of-freedom systems is complex and dif-
ficult to apply in practical engineering. By simplifying the
human-seat suspension system model, we can simplify the
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Figure 5. The fitting model compared with the experimental model (a) 5 mm, 3 Hz, 2 A indicator diagram; (b) 5 mm, 3 Hz, 2 A speed
characteristic diagram; (c) 10 mm, 1 Hz, 2 A indicator diagram; (d) 10 mm, 1 Hz, 2 A speed characteristic diagram; (e) 5 mm, 2 Hz, 4 A
indicator diagram; and (f) 5 mm, 2 Hz, 4 A speed characteristic diagram.

controller design and make it easier to apply in practical en-
gineering. However, during model simplification and actual
seat operation, a series of disturbances may occur, and so it is
necessary to estimate these interferences to improve the ac-
curacy of control. In this paper, the human body model was
simplified for the control strategy, where the mass parameters
fromm1 tom5 were considered as a whole. Herein,m1 refers

to the mass of the seat cushion, and the sum ofm2 tom5 rep-
resents the mass of the human body supported by the seat
in the sitting posture. In this paper, the values of m1 to m5
are taken from the model parameters in the reference (Wang
et al., 2018), where m1= 22 kg, m2= 27 kg, m3= 20 kg,
m4= 9 kg, m5= 5.5 kg, and the sum of m2 to m5 is 61.5 kg.
The seat stiffness k1 is set to 15 000 Nm−1. We simplify the

Mech. Sci., 17, 381–396, 2026 https://doi.org/10.5194/ms-17-381-2026



Y. Jing et al.: Improved sliding-mode control based on MRF damper 387

Figure 6. The predicted values of the current using the BP network.

Figure 7. Human-seat model.

5-degree-of-freedom human-seat suspension system model
established in this paper as shown below.

Mẍ1 = k1(x0− x1)+ fMRF− fds− f(t) (3)
fds = f(s)+1f(t) (4)
M =m1+m2+m3+m4+m5 (5)

f(s) = M2(ẍ2− ẍ1)+M3(ẍ3− ẍ1)+M4(ẍ4− ẍ1)

+M5(ẍ5− ẍ1) (6)

In the above equations, f(s) represents the disturbance gen-
erated during the simplification process of the model, and
1f(t) represents the disturbance generated externally by the
seat during actual operation. We select X = [x1− x0, ẋ1]

T ,

Y1 = x1− x0,Y2 = ẍ1, and then

Ẋ = AX+B(u+ fds− fMRF), (7)
Y1 = C1X, (8)
Y2 = C2X+D(u+ fds− fMRF). (9)

In the above equations,

A=

[
0 1
−
k1
M

0

]
,B =

[
0
−

1
M

]
,C1 =

[
1 0

]
,

C2 =
[
−
k1
M

0
]
,D =

[
−

1
M

]
. (10)

4 Controller design

To achieve the optimal vibration reduction effect, the semi-
active seat suspension system can adjust the damping coeffi-
cient in the suspension system in real time based on the vibra-
tion of the vehicle floor as measured by sensors. This adjust-
ment is mainly realized through a semi-active control strat-
egy, and so designing a suitable semi-active controller is cru-
cial in the research of semi-active seat suspension. When the
vehicle is driven in a harsh environment, the semi-active seat
suspension control algorithm needs to be robust due to the
complexity of the loads and the uncertainties and nonlinear-
ities that are difficult in relation to model in the human-seat
suspension system. Therefore, this paper designed an im-
proved adaptive fuzzy sliding-mode method for semi-active
seat suspension.

4.1 Reference model design

Conventional sliding-mode control is difficult to apply in
practice due to the high cost of the required state variables;
to overcome the above problems, most of the current sliding-
mode controllers are designed by using the model reference
method. The principle is that an ideal model is selected as the
reference model, and a suitable control force is output to con-
trol the actual controlled system with a suitable control force
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Figure 8. Schematic diagram of the reference model.

so that it can achieve the same control effect as the ideal con-
trol system. Since this paper adopts an MRF damper to re-
alize the semi-active control of seat suspension, it needs the
output of semi-active control force through variable damp-
ing force, and so, combining with the working characteristics
of MRF damper, this paper selects the ideal skyhook con-
trol as the reference model and added the dynamics model
of MRF damper (established in the second part of the pa-
per) into the reference model, as shown in Fig. 8. Since the
controller designed in this paper is implemented based on an
MRF damper, the dynamic model of the MRF damper is in-
corporated into the control system to ensure that the control
force calculated by the controller can be rapidly output by the
MRF damper. Specifically, the dynamic model of the MRF
damper is included in both the actual model and the reference
model for sliding-mode control. The MRF damper’s output
damping force consists of two components: the fixed damp-
ing force and the variable damping force. The fixed damping
force arises when the input current is zero and depends on the
damper piston’s velocity. This remains unalterable. The vari-
able damping force, on the other hand, is modifiable through
adjustments to the input current. In the reference model, the
fixed damping force is denoted as fMRFi, and, in the actual
model, the fix damping force is denoted as fMRF.

The motion state error between the actual system and the
reference model is chosen as the input into the sliding-mode
controller. This controller acts to reduce the dynamic error
between the actual model and the reference model and to
keep it in the sliding mode. Consequently, the motion state
of the actual model can effectively track the reference model,
which particularly enhances the frequency response of the
seat suspension in the low-frequency range.

The kinetic equation of the reference model is as follows:

Mẍ1i + k1(x1i − x0)+ fMRFi+ f(t) = 0, (11)

where fMRFi and fMRF are the fixed damping force of the
reference model and actual model, respectively; x0 is the in-
put vibration displacement of the cab floor; x1i and x1 are
the seat platform displacements of the reference and actual

models, respectively; k is the seat suspension stiffness of the
reference and actual models; Csky is the skyhook damping
coefficient; and f (t) is the skyhook damping force of the ref-
erence model, expressed as follows:

f(t) =−csky · ẋ1i . (12)

4.2 Sliding-mode controller design

The fundamental concept behind the sliding-mode controller
developed in this paper is to enable the motion state of the
actual model to track the reference model’s motion state as
closely as possible. Therefore, the error vector is defined as
the combination of the velocity error, the displacement error,
and the integral of the displacement error between the actual
model and the reference model, as shown in Eq. (13) (Liu et
al., 2008).

e =


e1 =

∫
x1− x1i

e2 = x1− x1i

e3 = ẋ1− ẋ1i

(13)

Differentiating Eq. (13), the kinetic equations of the sys-
tem are obtained as follows:

ė = A(t)e+B(t)w+E(t)fds+G(t)f(t). (14)

In this equation,

A(t)=

0 1 0
0 0 1
0 −

k1
M

0

 ,B(t)=

 0
0
csky
M

 ,
E(t)=

 0
0
−

1
M

 ,G(t)=




0

0
−

1
M

 ,w = [ẋ1i]. (15)

Then, sliding-mode control is applied to the above error
dynamic system, and the sliding-mode surface is designed as
follows:

s = ce = [c1c21 ][e1e2e3 ]
T
= c1e1+ c2e2+ e3, (16)

where c1 and c2 are parameters to be determined and should
satisfy the polynomial p2

+c2p+c1 as Hurwitz polynomials;
to satisfy the above condition, take (p+λ)2

= 0= 0 and λ >
0, where c1 = λ

2, and c2= 2λ.
A convergence law is used to design the sliding-mode sur-

face:

ṡ = cė = c(A(t)e+B(t)w+E(t)fds+G(t)f(t)). (17)

The index convergence law is designed as follows:

ṡ =−εsgn(s)− ks. (18)

In the equation, ṡ =−ks is the exponential convergence
term, which can ensure that, when s is large, the system
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Figure 9. Comparison of the sign function and hyperbolic tangent
function.

state can approach the switching surface s at a relatively
high speed, with k > 0; ṡ =−εsgn(s). The constant veloc-
ity approach term ensures that the moving point can reach
the switching surface within a finite time; ε > 0 is a symbolic
function that can be represented as follows:

sgn(s)


1, s > 0

0, s = 0
−1, s < 0

. (19)

From Eqs. (17) and (18), the following can be obtained:

f(t) = − (cG(t))−1
[c(A(t)e+B(t)w+E(t)fds)

+ εsgn(s)+ ks]. (20)

Bringing the matrices G(t), A(t), B(t), and E(t) and the vec-
tor c into Eq. (20), the result is shown as follows:

f(t) =Mc1e2+Mc2e3+ k1(x0− x1)+ fMRF− fds

−Mẍ1i +Mεsgn(s)+Mks. (21)

Define the Lyapunov function as V1 =
1
2 s

2, taking the
derivative of V1, the result is as follows:

V̇1 = sṡ = sc(A(t)e+B(t)w+E(t)f1+G(t)u)

=−Mεssgn(s)−Mks2
=−Mε |s| −Mks2 < 0. (22)

According to the Lyapunov stability criterion, the system
is thus stable.

To obtain the traditional sliding-mode control law, it is
first necessary to determine the perturbation fds generated
by the model during the simplification process and external
disturbances. In practical systems, this disturbance fds tends
to be undetermined and cannot be given an accurate value,
but it cannot be neglected either. In order to avoid affect-
ing the control input f(t) of the system, it is therefore neces-
sary to treat fds adaptively. The online estimation of fds is
performed by designing a reasonable adaptive law to reduce

its impact on the system performance. The adaptive control
method is used to estimate the fds, and then the control law
is given by

f(t) =Mc1e2+Mc2e3+ k1(x0− x1)+ fMRF− f̂ds

−Mẍ1i +Mεsgn(s)+Mks. (23)

Substituting Eq. (23) into Eq. (17) yields

ṡ =−
f̃ds

M
− εsgn(s)− ks. (24)

We define the Lyapunov function as follows: V2 = V1+
1

2γ f̃
2
ds, and then

V̇2 = V̇1+
1
γ
f̃ds
˙̃
fds =−

f̃ds

M
s− ε |s| − ks2

+
1
γ
f̃ds
˙̂
fds

= f̃ ds

(
1
γ

˙̂
fds−

s

M

)
− εsgn(s)− ks2, (25)

where, assuming that 1
γ
˙̃
fds−

s
M
= 0 and ˙̂fds =

rs
M

, it can be
obtained that

V̇2 =−εssgn(s)− ks2,ε > 0,k > 0,and then

V̇2 =−εssgn(s)− ks2
≤−ks2

≤ 0. (26)

The adaptive law is chosen to be

˙̂
fds =

γ s

M
, (27)

where f̃ds = fds− f̂ds; f̂ds is the estimated value of fds;
and γ is the parameter to be determined, with γ > 0.

The sign function sgn(s) in Eq. (26) will aggravate the
chattering phenomenon of the sliding-mode control; this dis-
continuity arises from the switching control. To mitigate this
phenomenon, the hyperbolic tangent function tanh(s) is em-
ployed as a replacement for the sign function sgn(s) in the
switching term, and it is represented as follows (Gao et al.,
2004):

tanh(x)=
ex − e−x

ex + e−x
, (28)

where σ is a positive constant, and its value dictates the
rate at which the inflection points of the hyperbolic tangent
function change. Replacing the discontinuous sign function
with the smooth and continuous hyperbolic tangent function
renders the switching process of sliding-mode control con-
tinuous, thereby enhancing the stability of the control sys-
tem. The characteristics distinguishing the hyperbolic tan-
gent function from the sign function are depicted in Fig. 9.
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Figure 10. Membership function of fuzzy control (a) input variable |s|, (b) output variable α1, and (c) output variable α2.

Figure 11. Random excitation displacement signal.

4.3 Fuzzy controller design

Owing to the advantages of strong robustness and high re-
sistance to external interference, sliding-mode control finds
diverse applications in the field of control. However, due to
the “variable-structure” nature of sliding-mode control and
its inherent control discontinuity, along with other charac-
teristics, the whole control process produces chatter and in-
stability. The fuzzy control method incorporates the expert
control experience into the fuzzy controller through fuzzy
logic reasoning and the fuzzy rule design. This control strat-
egy does not require the construction of an accurate model of

the controlled object, and so it is a commonly used method in
solving the control of uncertainty systems. Therefore, in this
paper, the fuzzy algorithm is employed to design a conver-
gence law for sliding-mode control, ameliorating the chatter-
ing issue of the control system.

According to Eq. (18), when the moving point is close
to the sliding-mode surface s = 0, there is s−=±ε, which
means that the convergence speed of the moving point when
it reaches the sliding-mode surface is ε. When ε is chosen
to be larger, the overshoot across the sliding-mode surface
will be more significant, which will make the system vibrate
violently, and the system will be unstable. Although a small
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Table 2. The rms value of acceleration and dynamic deflection under random seat excitation.

Passive Skyhook Sliding-mode Improved adaptive fuzzy
damping control control sliding-mode control

Acceleration (ms−2) 1.57 0.86 0.79 0.74
Dynamic deflection (m) 0.0058 0.0024 0.0021 0.0017

Figure 12. Simulation results of random road excitation semi-
active control. (a) Seat acceleration results, (b) seat acceleration
frequency domain results, (c) dynamic deflection of seat suspen-
sion.

value of ε can reduce the vibration, it will also slow down
the convergence speed of the system. Therefore, to reduce
the system’s vibration and ensure the system’s convergence
speed, the value of k should be increased while decreasing ε.
However, it can be seen from Eq. (20) that, when the motion
point is faraway from the sliding-mode surface, too large a
value of k will lead to a larger damping-force output from
the semi-active damper. Due to the limited range of the semi-

active damper’s damping-force output, the value of k should
not be selected to be too large. Considering the above factors,
this paper uses fuzzy control to optimize the coefficients ε
and k of the speed-reaching law in sliding-mode control and
constructs a time-varying reaching law, which ensures the
system’s response speed while improving its stability. The
fuzzy adaptive approach to design the convergence law is as
follows:

ṡ =−u1εsgn(s)− ku2s, (29)

where u1 and u2 are the fuzzy coefficients of ε and k in the
speed reaching law. This can keep the speed-reaching law of
sliding-mode control within a reasonable range at all times.
We select a triangular membership function with overlap as
the membership function for the input variable s and the out-
put variables α1 and α2, as illustrated in Fig. 10.

In the figure, PB (positive large), PM (positive middle), PS
(positive small), and ZO (zero) are fuzzy subsets. The abso-
lute value of the sliding-mode function, denoted as |s|, serves
as the input, leading to fuzzy output variables u1 and u2. The
following four fuzzy rules are proposed:

R1 – if |s| is PB then u1 is PB and u2 is PS
R2 – if |s| is PM then u1 is PM and u2 is PM
R3 – if |s| is PS then u1 is PS and u2 is PB
R4: if |s| is ZO then u1 is ZO and u2 is PM.

5 Controller design

A random vertical vibration signal is applied to the vehicle
cab floor to simulate the vibration excitation it experiences
when the vehicle traverses uneven or rugged road surfaces.
According to the ISO standard (ISO 7096, 2007), the ran-
dom vertical vibration for the seat excitation input signal is
generated based on the power spectral density of the seat ex-
citation of a commercial vehicle, as shown in Fig. 11.

After establishing the vehicle seat’s vibration excitation
signal, this signal is inputted into the seat-damping suspen-
sion for simulation and analysis. Among the parameters that
influence the performance of the seat suspension, the accel-
eration of the upper platform of the seat directly indicates
the intensity of vibration transmitted to the vehicle driver
and passengers. This parameter is the most crucial metric
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Figure 13. Impact pavement excitation signal.

Table 3. The peak-to-peak value of acceleration and dynamic deflection under random seat excitation.

Passive Skyhook Sliding-mode Improved adaptive fuzzy
damping control control sliding-mode control

Acceleration (ms−2) 7.13 5.21 5.04 4.97
Dynamic deflection (m) 0.024 0.013 0.011 0.010

for evaluating seat suspension performance. The dynamic de-
flection of the suspension affects the displacement of the ve-
hicle seat suspension; if this parameter is too large, it means
that the seat suspension may frequently reach the maximum
displacement, which affects the stability of the vehicle when
driving. Therefore, the simulation analysis concentrates on
both the acceleration of the seat upper platform and the dy-
namic deflection of the seat suspension.

To substantiate the effectiveness of the control method pre-
sented in this paper, it was compared with passive damping,
skyhook control, and sliding-mode control. The acceleration
analysis results are shown in Fig. 12a, the acceleration fre-
quency domain results are shown in Fig. 12b, and the dy-
namic deflection analysis results are shown in Fig. 12c.

Figure 12 shows that, under random vibration excitation,
compared to passive control, skyhook control, sliding-mode
control, and improved adaptive fuzzy sliding-mode control
can all enhance the seat suspension’s vibration reduction ca-
pability. From Fig. 12b, it can be seen that, in the sensitive
low-frequency vibration range of the human body, compared
to passive control, the three semi-active control methods can
effectively reduce the seat’s vibration acceleration and, with
the improved adaptive fuzzy sliding-mode control, show the
most obvious effect. Figure 12c reveals that, following the
application of the three control methods, there is a signifi-
cant reduction in the dynamic deflection of the seat suspen-
sion. Notably, when employing the improved adaptive fuzzy
sliding-mode semi-active control method, the oscillation am-

plitude of the seat suspension dynamic deflection exhibits a
smoother trend compared to the other methods.

Table 2 shows the root mean square (rms) values of seat
acceleration and dynamic deflection using various control
methods under random excitation. It can be seen from the
table that, when the vehicle seat is subjected to random road
excitation, the vibration acceleration values of the seat sus-
pension using improved adaptive fuzzy sliding-mode control
are reduced by 6.3 %, 14.0 %, and 52.9 %, and the dynamic
deflection values are reduced by 19.0 %, 29.2 %, and 70.7 %
compared to the sliding-mode control, skyhook control, and
passive vibration damping, respectively. This indicates that
the improved fuzzy sliding-mode semi-active control method
established in this paper has significantly improved the com-
fort of vehicle seats.

Off-road vehicles are often subjected to impact excitation
during operation when the vehicle cab will be accompanied
by large-amplitude vibration, which has a very negative im-
pact on the smoothness of the vehicle. Therefore, this paper
uses a half-sine function to simulate the impact excitation
experienced by the vehicle during the driving process. The
excitation function is shown as follows:

z(t)=

{
1
2Ar

(
1− cos

(
2πv
L
t
))

0≤ t ≤ L
v

0 L
v
< t

. (30)

In the above equation, Ar is the height of the obstacle en-
countered when the vehicle is traveling, L is the length of
the obstacle, and v is the vehicle’s traveling speed. In the
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Figure 14. Simulation results of pavement excitation semi-active control: (a) seat acceleration results, (b) seat acceleration frequency domain
results, (c) dynamic deflection of seat suspension.

https://doi.org/10.5194/ms-17-381-2026 Mech. Sci., 17, 381–396, 2026



394 Y. Jing et al.: Improved sliding-mode control based on MRF damper

impact excitation simulation analysis, the peak height of the
road obstacle is selected as 0.1 m, the length of the obstacle
pavement is 5 m, the speed of the vehicle is 20kmh−1, and
the impact pavement excitation signal is generated, as shown
in Fig. 13.

Then, the impact excitation signal in the above figure is
input into the seat damping suspension, and several methods
of passive damping, skyhook control, sliding-mode control,
and improved adaptive fuzzy sliding-mode control are used
for simulation and analysis. The results of seat acceleration
and suspension dynamic deflection on the seat under the con-
trol of different methods are shown in Fig. 14. According to
the characteristics of impact vibration, the peak-to-peak val-
ues of vibration acceleration and suspension dynamic deflec-
tion are calculated for analysis, and the results are shown in
Table 3.

From Fig. 14 and Table 3, it can be seen that, for vehicle
impact excitation, the peak acceleration response of the seat
suspension is significantly reduced after applying the three
semi-active control methods. Specifically, when using sky-
hook control and sliding-mode control, the peak-to-peak val-
ues of seat suspension acceleration are reduced by 26.9 %
and 29.31 %, respectively; meanwhile, the suspension dy-
namic deflection is reduced by 45.8 % and 54.1 %. After ap-
plying the improved adaptive fuzzy sliding-mode semi-active
control method, the peak-to-peak acceleration is reduced by
30.3 % (compared with passive control), and the suspension
dynamic deflection is reduced by 58.3 % – representing fur-
ther improvements over skyhook control and sliding-mode
control.

The aforementioned analysis results indicate that the
improved adaptive fuzzy sliding-mode semi-active control
method proposed in this paper outperforms both the skyhook
semi-active control and the sliding-mode control methods.

6 Conclusion

For a 5-degree-of-freedom human seat suspension system,
an improved adaptive fuzzy sliding-mode controller is de-
veloped for the simplified model, incorporating the dynamic
model of the MRF damper into the control framework. This
controller successfully mitigates the chattering issue asso-
ciated with sliding-mode control, and it achieves favorable
control results for the semi-active seat suspension system by
utilizing the output damping force of the MRF damper. In
summary, the following conclusions can be drawn:

1. The 5-degree-of-freedom human-seat suspension sys-
tem model is adaptively simplified, whereby the ideal
skyhook control is adopted as the reference model, the
dynamic error between the simplified model and the ref-
erence model is introduced into the sliding-mode de-
sign, and the MRF dynamic model is incorporated into
the control system. On this basis, an adaptive sliding-
mode controller is established.

2. To address the issue of chattering in sliding-mode con-
trol, fuzzy control is harnessed to enhance the conver-
gence law. This allows the system to dynamically adapt
the convergence speed of the sliding point relative to
the proximity to the sliding-mode surface. As a result,
this approach effectively mitigates the undesired chat-
tering in the system. The hyperbolic tangent function
is selected to substitute the sign function in the conver-
gence law switching term so that the system is more
continuous during the convergence law switching pro-
cess, which further reduces the chattering of the system.

3. A seat suspension model with an MRF damper is es-
tablished, and simulation analysis is carried out for the
two working conditions of random excitation and im-
pact excitation on the road surface. The analysis re-
sults show that the designed control algorithm improves
the damping performance of the seat suspension sys-
tem compared with passive damping, skyhook control,
and sliding-mode control under different working con-
ditions.
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