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ABSTRACT Roughness on the road is the main cause of the oscillation when the vehicle travels. The
suspension system plays a role in maintaining the stability of the vehicle in fluctuating states. To improve
comfort and smoothness, the active suspension system is used to replace the conventional passive suspension
system. The performance of the active suspension system depends on the pre-designed controller. Linear
control algorithms cannot guarantee oscillation requirements in all cases. Therefore, the use of a nonlinear
control method is necessary. In this paper, the SMC (Sliding Mode Control) algorithm is proposed to control
the operation of the active suspension system. To optimize this algorithm, five state variables were
considered. Besides, the output signal of the model has been considered by the fifth derivative, and the error
signal is also considered the fourth derivative. This is a completely novel and unique method. The simulation
is done in the MATLAB-Simulink environment. According to this result, the displacement and acceleration
of the sprung mass was significantly reduced when the vehicle used the active suspension system controlled
by the SMC algorithm. These values only reach 14.4% and 14.1% compared to the case of the vehicle using
the mechanical suspension system. The effect of the SMC algorithm is extremely positive. This will be the
basis for developing more complex control algorithms in the future.

INDEX TERMS Vehicle dynamics, sliding mode control, hydraulic actuator, nonlinear controller, active
suspension system.

I. INTRODUCTION
Vehicle oscillations can affect the smoothness and comfort of
traveling on the road. There are many causes of oscillation,
among which roughness on the road is the main cause.
In studies about oscillations, several types of pavement
roughness are commonly used, such as cyclic (sine wave),
step, and random. The random stimulus is frequently the
most realistic description. The oscillations of the vehicle
can be assessed through the oscillations of the sprung mass.
Typically, data on displacement, acceleration, roll angle,
and angular acceleration are of greater interest [1], [2].
The average and maximum values of these parameters are
considered during the calculation [3].

The suspension system on the vehicle helps to regulate
and extinguish the oscillations. For a conventional passive
suspension system, the stiffness of the springs and dampers
is unchanged. Therefore, the smoothness of the vehicle
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will not be guaranteed. To improve this situation, air
suspension has been used on some high-end cars. According
to Eskandary et al., the stiffness of the air spring can vary
based on the pressure of the system [4]. In studies of air
suspension systems, the GENSYS model is often used [5].
Besides, the damper stiffness can also be changed thanks to
the semi-active suspension system [6]. This system uses an
electronic damper which is controlled via a previously set
controller. When current is applied to the damper, a magnetic
field will appear inside. As a result, the metal particles will
be more tightly arranged. This leads to an increase in the
stiffness of the damper [7]. However, the effectiveness of
the semi-active suspension system is still not guaranteed
in some complex cases. According to Jiregna and Sirata,
the active suspension can improve the ride comfort more
optimally [8]. The active suspension system is equipped
with a hydraulic actuator at each suspension system position.
This is a hydraulic cylinder, and it is shown in Figure 2.
The hydraulic pressure inside the cylinder depends on the
displacement of the servo valves. According to [9], these
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FIGURE 1. Quarter dynamics model.

FIGURE 2. Hydraulic actuator.

valves are controlled based on the current signal provided
by the controller. At that time, an impact force will be
generated, and it acts on the sprung mass and the unsprung
mass in opposite directions. The performance of the system
will depend entirely on the control algorithm of the controller.

There are many methods used to control the active
suspension system. Among them, linear control methods
are commonly used. Anh introduced the PID algorithm
for the quarter dynamics model in [10]. According to
Anh, this controller has a low cost and high durability.
The PID controller consists of three stages: proportional
stage, integral stage, and derivative stage. For each stage,
a corresponding coefficient is needed. If the integral stage
of the system is ideal, i.e., KI = 0, the controller is called
PI [11]. The controller parameters can be selected by an
experimental process. Besides, Genetic Algorithms (GA) can
also be used to optimize these parameters. This was done by
Metered et al. in their study [12]. To improve the efficiency
of the PID controller, the ANN algorithm is integrated into
the system [13]. Besides, equipping two hydraulic actuators
which control two objects separately also provides higher
stability than other cases. This was pointed out in Nguyen’s
article [14]. However, the PID algorithm only applies to
the SISO system. Therefore, if the object has many inputs
and many outputs, it is necessary to choose an algorithm
suitable for the MIMO system. According to Nagarkar et al.,
the LQR algorithm is suitable for this purpose [15]. The
LQR control algorithm minimizes the cost function based on

the state matrices of the system. In some cases, the signal
of the system is still unstable. Therefore, a Gaussian filter
is integrated for the controller. This idea was introduced
by Chai and Sun. It is called the LQG controller [16].
This algorithm provides higher stability with noise signals
removed [17]–[20]. Besides, the active suspension control
model using the LPV algorithm was also performed by
Rodriguez-Guevara et al. According to them, this algorithm
uses continuously changing parameters to fit the selected
model [21].

The linear control method can only meet the requirements
of the vehicle’s stability under certain conditions. To ensure
the best oscillation efficiency, nonlinear control and intelli-
gent control methods need to be used. In [22], Zhao et al.
used an adaptive control algorithm for the saturation actuator.
According to Huang et al., vehicle oscillations will change
continuously to respond well to external stimuli [23]. This
is the essence of the adaptive control method that was
used in their study. If the adaptive algorithm is properly
optimized, the response will be a smooth function. As a
result, the vehicle’s smoothness is significantly improved.
This was demonstrated in the paper of Fu et al. [24].
For this method, the signals can be obtained from the
sensor or from the camera which is integrated into the
vehicle body [25]. Besides, the robust control algorithm also
helps to reduce vehicle oscillation in many situations [26].
In [27], Wang et al. performed a simulation of vehicle
oscillations using the active suspension system, which is
controlled by a robust algorithm in the case of steering.
Accordingly, the value of the roll angle has been greatly
reduced when the robust controller is used. In addition,
the intelligent control method using the Fuzzy algorithm
also brings a stable effect to the system [28]. According
to Soleymani et al., the input data of the controller will
undergo a fuzzification process. Based on the pre-established
fuzzy rule, the defuzzification process is performed to find
the output value [29]. The Fuzzy controller can use one
or more input parameters to serve the control process. Its
efficiency is also quite high [30]–[32]. Furthermore, ANN-
based algorithms improve control process stability in a
variety of situations [33], [34].

The SMC control algorithm has also been applied to the
active suspension system. In [35], Nguyen used the SMC
controller for the quarter dynamics model. However, the
hydraulic actuator of the system is not considered. In [36],
the hydraulic actuator is represented only through a single
linear equation. Although Bai and Guo used five state
variables. However, the system’s error is only derivative for
the third time. Therefore, the efficiency of the controller
is still not guaranteed. When the SMC algorithm was
combined with other algorithms, the controller efficiency was
enhanced [37]–[40].

This research aims to establish a novel SMC algorithm
for the active suspension system model. In this paper, the
SMC algorithm uses five state variables, corresponding to
the quarter dynamics model and the dynamics model of the
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hydraulic actuator. Unlike in other papers, the output signal
of the system in this research is considered by the fifth
derivative. Besides, the error of the system is also considered
for the fourth derivative. This is a novel solution that is
highly effective. The content of the paper consists of four
sections. In the first section, oscillations and suspension
system problems are introduced. In addition, the literature
review process is carried out in this section. In the second
section, the vehicle’s oscillation model and control algorithm
design process are conducted. The results of the simulation
process are given in the third section. The simulation
is conducted in the MATLAB-Simulink environment with
specific conditions. In the last section, some conclusions and
future recommendations are indicated. The content of the
paper is presented below.

II. MATERIAL AND METHOD
A. QUARTER DYNAMICS MODEL
To simulate the vehicle’s oscillations, a quarter dynamic
model is considered (Figure 1).

The equations describing the vertical oscillations of the
sprung mass and unsprung mass are given as follows:

msz̈s = K (zu − zs)+ C (żu − żs)+ FA (1)

muz̈u = KT (r − zu)− K (zu − zs)− C (żu − żs)− FA (2)

The impact force FA is generated by the hydraulic
actuator. When current is supplied from the controller to the
actuator, the servo valve moves. The dependence between the
displacement of the servo valve xsv and the control current i(t)
is shown in equation (3):

xsv =
1
τ

∫
(ksvi (t)− xsv) dt (3)

As the valves move, the pressure of the two chambers
inside the cylinder changes. The change in pressure is a
complex multivariable function. According to [14]:

1P = σ3

∫ (
xsv
√
Ps − sgn (xsv)1P

)
dt

− σ2

∫
1Pdt − σ1Sp

∫
ẋsdt (4)

The impact force FA is proportional to the change in
pressure. Therefore:

FA = SP1P = SP

 σ3
∫
xsv
√
Ps − sgn (xsv)1Pdt

−σ2

∫
1Pdt − σ1Sp

∫
ẋsdt

 (5)

Because:

{
|ksv| ≈ |τ |
|ẋsv| � τ

From (3):

⇒ xsv ≈ ksvi (t) (6)

Because: sgn (xsv)1P� Ps

Taking the derivative of both sides of (5), the equation for
determining the impact force is linearized as follows:

ḞA = ρ1i (t)− ρ2FA − ρ3 (żs − żu) (7)

where:

ρ1 = Spσ3
√
Psksv ρ2 = σ2 ρ3 = σ1S2p

B. CONTROLLER DESIGN
The efficiency of the system depends on the controller, which
is designed in this paper. Therefore, the SMC algorithm needs
to be optimized correctly to provide high performance.

Take (1) + (2):

msz̈s + muz̈u = KT r − KT zu (8)

Assuming that: ms z̈s
mu z̈u
≈ κ

⇒ z̈s =
KT
κms

(r − zu) (9)

Let the state variables as follows:

x1 = zs x2 = żs x3 = zu
x4 = żu x5 = FA

Taking the derivative of state variables:

ẋ1 = x2

ẋ2 =
1
ms
(−Kx1 − Cx2 + Kx3 + Cx4 + x5)

ẋ3 = x4

ẋ4 =
1
mu

(Kx1 + Cx2 − (K + KT ) x3 − Cx4 − x5)

ẋ5 = ρ1i (t)− ρ3x2 + ρ3x4 − ρ2x5

Considering the output signal is the displacement of the
sprung mass:

y = zs = x1 (10)

Take the first derivative of the output signal:

ẏ = ẋ1 = x2 (11)

Take the second derivative of the output signal:

ÿ = z̈s =
KT
κms

(r − x3) (12)

Derivative on both sides of equation (12), get:

...
y =

KT
κms

(ṙ − x4) (13)

Similarly, considering the fourth and fifth-order derivatives
of the output signal:

y(4) = −
KT

κmsmu

(
Kx1 + Cx2 − (K + KT ) x3
−Cx4 − x5

)
+

KT
κms

r̈

(14)
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FIGURE 3. Sliding surface.

y(5) =
KT

κmsmu



KC
(

1
ms
+

1
mu

)
x1

+

(
C2

ms
+
C2

mu
− K − ρ3

)
x2

−C
(
K
ms
+
K + KT
mu

)
x3

−

(
C2

ms
+
C2

mu
− K − KT − ρ3

)
x4

−

(
C
ms
+

C
mu
+ ρ2

)
x5


+
KTρ1
κmsmu

i (t)+
KT
κms

r (15)

Assuming that r(t) is the disturbance, so:

y(5) ≈ ϑ1x1 + ϑ2x2 + ϑ3x3 + ϑ4x4 + ϑ5x5 +
KTρ1
λmsmu

i (t)

(16)

where:

ϑ1 = KC
(

1
ms
+

1
mu

)
ϑ2 =

(
C2

ms
+
C2

mu
− K − ρ3

)
ϑ3 = −C

(
K
ms
+
K + KT
mu

)
ϑ4 = −

(
C2

ms
+
C2

mu
− K − KT − ρ3

)
ϑ5 = −

(
C
ms
+

C
mu
+ ρ2

)
Let e(t) be the error between the desired output signal ys

(ys ≈ zero) and the actual output signal y

e (t) = ys − y (17)

To minimize the error, the object needs to be moved along
the sliding surface (Figure 3). The sliding surface σ (t) is a

function that depends on the error signal e(t):

σ =

n∑
i=1

n−1∑
j=0

λje(n−i) (18)

Finally, the current control signal generated from the
controller is defined as equation (19):

i (t) =
κmsmu
KTρ1


y(n)s −

n∑
k=1

ϑkxk +
n∑
i=1

n−1∑
j=0

λje(n−i)

+Tsgn

(
n−1∑
m=0

n−1∑
l=0

λme(n−1−l)
)

 (19)

After the controller has been designed, the simulation is
performed.

III. RESULTS
A. PARAMETERS OF THE SIMULATION PROCESS
The simulation is done in the MATLAB-Simulink environ-
ment. To make oscillation of the vehicle, excitations from
the road surface are used. In this paper, four types of stimuli
are proposed as shown in Figure 4. These types of stimuli
correspond to the four investigated cases.

Case 1 and Case 2:

r (t) = Asin (2π f + ϕ) (20)

Case 3 and Case 4:

ṙ (t) = 2π
(√

Gvω (t)− fr (t)
)

(21)

where:

v : Velocity
G : Constant
ω(t) : White noise

In these cases, the amplitude and frequency of the
oscillation are different.

The parameters of the reference vehicle are given in
Table 1 [14].

With the input being stimuli from the pavement, the outputs
include displacement of the sprung mass, acceleration of
the sprung mass, displacement of the unsprung mass, and
acceleration of the unsprung mass. These parameters are
determined with the maximum value and the average value
calculated according to the RMS.

fRMS = lim
T→∞

√√√√√ 1
2T

T∫
−T

f 2 (t) dt (22)

B. RESULTS AND DISCUSSIONS
Simulation is performed in the four cases mentioned above.
Case 1: In the first case, a sinusoidal pavement excitation

is used. Accordingly, the displacement of the sprung mass
changes with the stimulus from the pavement. This change
is shown in Figure 5. In the first phase, the oscillation is not
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FIGURE 4. Roughness on the road (a-case 1, b-case 2, c-case 3, d-case 4).

TABLE 1. Parameters of the vehicle.

stable. In the next phases, the amplitude of the oscillation
is more stable and changes according to the cyclic law. The
maximum values of displacement of the sprung mass are
52.9 (mm), 23.3 (mm), and 8.2 (mm) respectively for the three
investigated situations. Besides, the average value calculated

FIGURE 5. Displacement of the sprung mass (Case 1).

according to the RMS is 37.5 (mm), 16.4 (mm), and 5.8 (mm)
respectively.

The acceleration of the sprung mass is used to assess the
vehicle’s smoothness. Like above, in the initial phase, the
acceleration is still unstable (Figure 6). This value changes
cyclically starting from the second phase onwards. The
maximum value of the acceleration of the sprung mass
when the vehicle uses a passive suspension system is
0.87 (m/s2). If the active suspension system is used to
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FIGURE 6. Acceleration of the sprung mass (Case 1).

FIGURE 7. Displacement of the unsprung mass (Case 1).

replace the conventional passive suspension system, the
maximum value of the acceleration of the sprung mass will
be reduced to only 0.70 (m/s2) and 0.31 (m/s2), respectively,
for linear control and nonlinear control. In addition, the
active suspension system also reduces the average value of
acceleration significantly. According to (22), the average
value of the acceleration of the sprung mass when the vehicle
uses the SMC algorithm is only 0.03 (m/s2). Meanwhile, this
value reaches 0.08 (m/s2) when the PID algorithm is used.
In particular, this value can be up to 0.18 (m/s2) if the vehicle
uses only passive suspension. The difference between the
values can be up to 6 times.

The displacement of the unsprung mass does not greatly
affect the vehicle’s oscillations. However, if this value is
small, the smoothness of the vehicle will be improved more.
According to the graph in Figure 7, the values of the
displacement of the unsprung mass in all three situations are
similar. The difference between them is not more than 1.5%.
The value of the displacement of the unsprungmass following
the input excitation signal.

The difference in acceleration of the unsprung mass is also
small. At the initial instant, the acceleration of the unsprung
mass reaches its maximum value. This value fluctuates
steadily and closely follows each other in subsequent phases,
their average values during the investigated period reached
0.19 (m/s2), 0.20 (m/s2), and 0.28 (m/s2), respectively.

FIGURE 8. Acceleration of the unsprung mass (Case 1).

FIGURE 9. Displacement of the sprung mass (Case 2).

Case 2: In the second case, the amplitude and frequency
of the pavement excitation were increased. Therefore, the
oscillation of the vehicle will also be larger. According to
Figure 9, the maximum displacement of the sprung mass
can be up to 124.1 (mm) if the vehicle uses only the
mechanical suspension system. When the active suspension
system with the PID algorithm is used, the maximum value
of the oscillation reaches 46.7 (mm). Besides, this value
can decrease even more when the SMC algorithm is used,
reaching 16.4 (mm). The average value calculated according
to RMS reached 80.0 (mm), 32.8 (mm), and 11.5 (mm)
respectively for the situations.

Like the first case, in this case, the acceleration of the
sprung mass is also unstable in the first phase (Figure 10).
In subsequent phases, the acceleration of the sprung mass
oscillates cyclically according to the excitation signal. The
maximum acceleration is 2.58 (m/s2), 2.09 (m/s2), and
0.92 (m/s2), respectively. Besides, the average value of
acceleration reached 0.78 (m/s2), 0.32 (m/s2), and 0.11
(m/s2). Obviously, the SMC algorithm helps to reduce the
oscillation significantly.

The displacement of the unsprungmass (Figure 11) and the
acceleration of the unsprung mass (Figure 12) tend to follow
the excitation signal from the pavement. The difference
between the values in the investigated situations is very small.
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FIGURE 10. Acceleration of the sprung mass (Case 2).

FIGURE 11. Displacement of the sprung mass (Case 2).

FIGURE 12. Acceleration of the unsprung mass (Case 2).

Case 3: In the third case, the vehicle’s oscillation has the
standard random excitation form. The vehicle’s oscillations
change continuously over time. This is shown in Figure 13.
According to this result, the vehicle’s oscillation is very
large when the vehicle only uses the conventional passive
suspension system. The maximum value of displacement of
the sprung mass is 133.1 (mm). This value is 8.8 times that
of using the SMC algorithm for the active suspension system.
The average value of the displacement of the sprung mass is
also significantly reduced when the nonlinear control method
is applied. It equals only 32.9% and 10.9% of the other two
situations.

FIGURE 13. Displacement of the sprung mass (Case 3).

FIGURE 14. Acceleration of the sprung mass (Case 3).

With random excitation, the acceleration of the sprung
mass varies continuously with very large amplitude and
frequency. The maximum values of acceleration are
18.20 (m/s2), 17.01 (m/s2), and 9.41 (m/s2), respectively.
According to this result, the maximum value of acceleration
when using the PID controller is approximately compared
with the situation of the vehicle using the conventional
passive suspension system. Therefore, the linear control
algorithm cannot satisfy the conditions of stability and
oscillation in this case. In contrast, the nonlinear controller
with the SMC algorithm greatly reduces oscillation. Also,
in this case, the average acceleration of the sprung mass
when using the PID controller is greater than that of the
vehicle using the passive suspension system. These values
are 5.30 (m/s2) and 5.25 (m/s2), respectively. Meanwhile, the
value calculated according to the RMS of the SMC algorithm
is only 3.05 (m/s2), only about 58% compared to the two
situations mentioned above.

For an active suspension system, to reduce the oscillations
of the sprung mass, the hydraulic actuator needs to operate
continuously. Therefore, the oscillations of the unsprung
mass will be affected (Figure 15 and Figure 16). In fact,
the values for the displacement and acceleration of the
unsprung mass when using an active suspension will be
larger than that of a conventional passive suspension system.
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FIGURE 15. Displacement of the unsprung mass (Case 3).

FIGURE 16. Acceleration of the unsprung mass (Case 3).

FIGURE 17. Displacement of the sprung mass (Case 4).

This is completely reasonable. It does not affect the overall
oscillation of the vehicle.
Case 4: In this case, the pavement excitation takes on a ran-

dom formwith a larger amplitude than in the third case. As the
excitation amplitude increases, the vehicle’s oscillation will
also become stronger. The average value of the displacement
of the sprung mass reached 62.3 (mm), 21.4 (mm), and
7.2 (mm) respectively for the three investigated situations.
Meanwhile, if the vehicle uses a passive suspension system,
the maximum value of displacement can be 8.6 times that of

FIGURE 18. Acceleration of the sprung mass (Case 4).

FIGURE 19. Displacement of the unsprung mass (Case 4).

FIGURE 20. Acceleration of the unsprung mass (Case 4).

an active suspension system controlled by the SMC algorithm
(Figure 17).

The SMC algorithm helps control the vehicle’s oscillation
more effectively than the PID algorithm. Based on the graph
of Figure 18, themaximum and average values of acceleration
when using the PID controller are even larger than using
the passive suspension system. These values are 5.40 (m/s2)
and 5.57 (m/s2), 17.43 (m/s2) and 17.13 (m/s2), respectively.
Meanwhile, the value of the nonlinear controller is only 3.08
(m/s2) and 9.44 (m/s2). This value is much lower than the two
situations mentioned above.
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TABLE 2. The maximum value of the sprung mass.

TABLE 3. The average value of the sprung mass.

TABLE 4. Percent of maximum value.

As the excitation from the pavement increases, the
displacement and acceleration of the unsprung mass also
increase accordingly. There is a relative difference in the
values of the displacement and acceleration of the unsprung
mass in the simulated situations. However, the smoothness of
the vehicle is still guaranteed to be stable.

The results of the simulation process are summarized in
Table 2 and Table 3. The ratios between these values are
shown in Table 4 and Table 5.

There are twomain conflicting parameters which are riding
comfort and handling stability. In this research, the quarter
dynamics vehicle is used. Therefore, the ride comfort of the
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TABLE 5. Percent of average value.

vehicle is only considered. Problems of handling stability will
be considered in other studies.

IV. CONCLUSION
This research is aimed at improving a vehicle’s oscillation
based on an active suspension system. In this paper, a quarter
dynamics model is used to simulate the vehicle’s oscillations.
Besides, the dynamics model of the hydraulic actuator is also
linearized accordingly. To ensure the stable performance of
the controller in different moving cases, the SMC algorithm
is proposed to be used. This is a nonlinear control method that
helps the output signal follow the set signal.

The cause of the oscillation is the excitation from
the pavement. Therefore, the author has introduced four
stimulus cases corresponding to the actual moving conditions
of the vehicle. Based on the reference parameters, the
calculation and simulation are carried out in the MATLAB-
Simulink environment. The simulation process includes three
situations: a vehicle using a passive suspension, a vehicle
using an active suspension controlled by the PID algorithm,
and a vehicle using an active suspension controlled by the
SMC algorithm.

The results of the research showed the superiority of
the SMC algorithm used in this paper. Accordingly, the
displacement and acceleration of the sprung mass were
significantly reduced when the nonlinear control algorithm
was used. The maximum value and average value of
oscillations are guaranteed within the allowable limits. In the
investigated cases, the system always ensures stability and
sustainability. Therefore, the smoothness and comfort of the
vehicle have been enhanced.

The SMC control algorithm brings positivity to complex
oscillating systems. However, this is a nonlinear control
method. Therefore, the design and optimization process are
quite complex. In some cases, the ‘‘chattering’’ phenomenon
can still occur. To improve system efficiency, some intelligent
control algorithms should be combined with SMC algorithms

such as Fuzzy SMC, Neural SMC, etc. In the future,
experiments on the nonlinear control algorithm for the
suspension system need to be conducted to demonstrate the
effectiveness of the research.

NOMENCLATURE
FA : Force of the actuator, N.
FC : Force of the damper, N.
FK : Force of the spring, N.
FKT : Force of the tire, N.
r : Roughness on the road, m.
zs : Displacement of the sprung mass, m.
zu : Displacement of the unsprung mass, m.

ABBREVIATION
ANN : Artificial Neural Network.
LPV : Linear Parameters Varying.
LQG : Linear Quadratic Gaussian.
LQR : Linear Quadratic Regulator.
MIMO : Multi-Input Multi-Output.
PID : Proportional Integral Derivative.
RMS : Root Mean Square.
SISO : Single-Input Single-Output.
SMC : Sliding Mode Control.
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