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Abstract—This research presents an improved semi-active
suspension model derived from the conventional suspension
system, incorporating a control strategy combining the Sky-
hook and Ground-hook algorithms. To validate the effectiveness
of this method, a state simulation was conducted to compare the
improved suspension system with the conventional suspension
system. The first test used an input chirp signal in the range of
0-20 Hz with an amplitude of 0.015 m. The second test involved
a cosine speed bump signal with a duration of 2s and a height of
0.05 m. The final test simulated random road excitations using
MATLAB-Simulink. The simulation results showed that the
improved suspension system achieved 50.86 % faster vibration
damping, improving the driving comfort and reducing the
settling time by 55.14 %, improving the overall stability of the
system.
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. INTRODUCTION

With advancements in science and technology, the
demand for suspension systems in electric vehicles is
increasing to enhance ride comfort and vehicle body stability
[1, 2]. Currently, there are three main types of suspension
systems: passive, semi-active, and active. This paper focuses
on improving passive suspension into a semi-active system to
achieve better damping force control [3-5].

A passive suspension system consists of a spring and a
damper but lacks the ability to adjust damping force. In
contrast, a semi-active suspension system can modulate
damping force according to road conditions using
technologies such as electrorheological (ER) and
magnetorheological (MR) fluids [6, 7]. This study employs
an ER fluid-based system combined with a control algorithm
to optimize damping performance [8].

The control strategy utilizes the Sky-hook and Ground-
hook algorithms to optimize ride comfort and stability. The
Sky-hook algorithm acts as a virtual damper between the
sprung mass and an inertial reference frame, reducing
vibrations transmitted from the road to the vehicle, thereby
improving passenger comfort [9-13]. The Ground-hook
algorithm is linked to the unspring mass to minimize tire
oscillations and enhance stability [14]. By combining both
algorithms, the semi-active suspension system outperforms
passive systems: Sky-hook prioritizes comfort, while Ground-
hook focuses on stability. The damping force is calculated to
simultaneously optimize both criteria [15, 16].
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Il. EASE OF USE

This research proposes a semi-active suspension system
and evaluates its stability through a state simulation process
comparing two suspension systems. The first test uses a chirp
signal as the input, ranging from 0-20 Hz with exhibiting an
amplitude of 0.015m. The second test involves a cosine-
shaped speed bump with a crossing time of 2sec and a height
of 0.05m. The final test applies to a random excitation signal
simulating an uneven road surface. These tests enable a
comparison between the two models and help determine the
relative improvement in optimization criteria.

A. The quarter-car suspension model and its mathematical
model.

The improved suspension system model incorporates a
dynamic damper with mass m,, spring stiffnessk,, damping
coefficient b,, which reduces the excitation z, —z, , z,, and
Z,, thereby increasing comfort and stability. Additionally, the
active damper, which can control the actual damping F , is

added and controlled using the Sky-hook and Ground-hook
algorithms.

Controller

Fig. 1. Quarter-car suspension model: a) Traditional; b) Improved with
dynamic damper and semi-active shock absorber.

TABLE I.  THE PARAMETERS OF THE SUSPENSION COMPONENTS USED
Parameter Symbol Unit Value
Unspring mass m, Kg 55
Sprung mass m, Kg 590,7
Extended absorber m, Kg 30
mass
Tire stiffness K, N/m 202000
Spring stiffness k, N/m 78100
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Parameter Symbol Unit Value
Damper stiffness b, N.s/m 2369,6
Damping coefficient of
the extended absorber b3 N.s/m 555
Natural frequency of f Hz 12
the system 1
Sky-hook damper b N.s/m 6000
stiffness s
Ground-hook damper b N.s/m 2300
stiffness 9

B. Mathematical model of a traditional suspension system.
The dynamic equation of the traditional suspension system
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The differential equations will be transformed into state-
space form with the expression of X = AX + Bu
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C. Mathematical model of the improved suspension system.

The dynamic shock absorber and semi-active shock
absorber suspension system model, the differential equation
describing the motion will be as follows:

m,Z, =—k1(22 _Zl)_bl(22 _21) ©

mz = kl(ZZ - 21) +b1(22 - 21)+ k3(23 - 21)
+b3(23 - 21) - Fl - kO(Zl - Zo)

m,z, =—|(3(Z3—21)—b3(2'3—21)+|:b (11)
State-space matrix transformation:

X :A;H‘Ea! y=Cx+Du, u:[zo ) Fb]

X :[ L L 4L L L ] ) y:[zz , 4 Zo] (12)
[0 1 0 0 0 0 ]
R N T W

m, m m, m,
0 0 0 1 0 0
A=l kb Kk k kB B kb (13
m - m m m m m m m m
0 0 0 0 0 1
0 0 k Lok b
L m, m, m m
:

QZ[BD,BDd,BC] BD:[O ko kk k

_ -0 m, m.m m,

T

Bc{o 00 -~ 0 i} (14)
- m, m,

I N Y B P

m m m. m m
c=| ™ 2 2 A D=| ™ (15)

1 0 0 0 0 00

0 0 1 0 0 00

D. Mathematical model of the improved suspension system.

This characteristic is chosen so that its lower limit
corresponds to one third of the initial stiffness of the damping
component and its upper limit corresponds to three times the
initial stiffness. It is calculated using formulas (16) - (17) and
is illustrated in Fig. 3.

Maximum damping force F_ : F., =3b, (16)

Minimum damping force F, : F,, =b,-3* 17)

Characteristics of the Linear Controlied Damper

| 0. [ 0.5 |

Relative Velocity [m's

Fig. 2. The maximum and minimum damping coefficients.

To control the system, we convert and use the formula for
calculating the required control voltage U based on the
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required damping force F, and the relative velocity v, , as
given by the equation (19) below.

Vie =274 (18)
The required damping force.
F,=R.+F,=b-2,+b,-(2,-2) (19)
(Fmax (Vrel )_ Fa)(Umax _Umin)
u rid u max (20)
Fmax (Vrel )_ I:min (Vrel )
3,-1 Control
Veel U, >  Conditions
(Equa. 21a-21c)
(Equa. 20) lu
Fos+Fool  Required Actual Damping | £
———— Damping Force —>F, Force | °
(Equa. 19) (Equa. 22)
Fig. 3. Control system.
fU.,, >U, ., =>U=U__ (21.9)
IfU,, >U, >U.., =>U=U_, (21.b)
fU,. <U.,,=>U=U_., (21.0)
The actual damping force F, :
(U _Umax )( Fmax (Vrel )_ I:min (Vrel ))
F=F_(Vy)+ 22
b max( rel) Umax _Umin ( )
The magnitude of the virtual damping force.
Fb,s = bs : Z.2 (23)
Foo =by - (21-2) (24)
Optimization function for comfort: J,, = j ; z§ dt (25
- T 2
And for stability: J, = .[0 (z,—12,) dt (26)

I11. RESULTS AND DISCUSSION

In this section, the paper will introduce the road surface
type and speed bump types used for the experimental survey
as follows: speed bump type 0.015 m (rumble strip type) and
0.05 m (speed bump type) (based on QCVN 41:2019/BGTVT,
UK Traffic Advisory Leaflet 7/96) on asphalt concrete road
type (TCVN 8867:2011, EU-EN 12697 with British
Pendulum number > 60). This road surface type and speed
bump types are applied to warn when the vehicle enters
residential areas, schools, or highways.

The simulation results are obtained from the mathematical
equations (1)-(26) and integrated with the modeling in
Matlab-Simulink software to highlight and emphasize the
results presented in Fig. 4 to Fig. 6.

The first test uses a Chirp type excitation signal in the
frequency range 0—20 Hz. This frequency range corresponds
approximately to the frequency at which the vehicle is excited
by road irregularities during operation. Therefore, it will be
possible to observe the system response on all frequencies in

the selected frequency range for 100 s as depicted in Fig. 1. In
general, semi-active suspension systems have better damping
performance than conventional suspension systems. The
comparisons are shown in Table 2 shows that during the initial
period O -38 s, the improved semi-active suspension system
demonstrates superior comfort.

Fig. 4. Exciting the two suspension systems with a Chirp signal in the range
of 0-20Hz with a magnitude of 0.015 m: (a) Z,, (b) Z; —Z,

TABLE Il. COMPARISON OF TWO BAMBOO SYSTEMS THROUGH FIRST
TEST
. Time (s)
Parameters  Unit —goa 0325 45145 9891ls /PR
Passive Z, m/s2 723 2.51 4.36 2.39
Semi 7, m/s2  3.30 2.10 5.80 6.76
Difference .
ratio Z, % 54.4 16.3 -33 -182 -36
Passive
7 _7 m 0.022 0.005 0.024 0.019
1 0
Semi
m 0.009 0.003 0.020 0.016
2, — 7,
Difference .
ratio z, — 7, % 59.1 40.0 16.7 15.8 32

0.5

I
Time (s) 5 6 7 8 9 10
T T T T T

EIREN [m]

5
Time (s)

Fig. 5. Excitation with a signal for the system to pass over a cosine-shaped
speed bump with a duration of 2s and a height of 0.05 m.
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However, from 38-100 s, comfort is compromised as the
oscillation frequency increases, with an average comfort
deviation of -36 %. In terms of stability, the semi-active
suspension performs even better, maintaining full control
despite increasing oscillation frequency, with an average
stability deviation of 32 %.

Furthermore, when the second experiment was performed
using the excitation signal passing over a cosine speed bump
with a height of 0.05 m in 2 s. The simulation results showed
significant improvements for all three parameters Z,, z, and
z,—12,. The comparison data will be specifically mentioned
in Table 3 with smaller oscillation time and amplitude when
undergoing the test.

TABLE Ill. PARAMETERS OF THE TWO SYSTEMS IN TERMS OF TIME AND

AMPLITUDE
Times (s)
Parameters Uni - . - -
nit Passive Semi Difference ratio
'2'2 S 7s 3445 50.86 %
z, S 7s 3.13s 55.29 %
Z,—Z, S 7s 3.14s 55.14 %
Amplitude
Passive Semi Difference ratio
'Z'z m/s? 0.277 0.245 11.55%
z, m 0.0518 0.0525 -1.33%
Z,— 1, m 0.0009 0.0008 11.11%

Table 2 shows the difference between the two systems in
terms of damping time and amplitude. The semi-active
suspension system reduced the amplitude of oscillation but for
parameter z, it had a larger amplitude of 1.33 %, but the

remaining two parameters still showed superiority with Z,
being 11.55 % and z, —z, have 11.11 %. Furthermore, the

semi-active suspension system did really well in damping
oscillation better for all three parameters: Z, was 50.86 %, z,

was 55.29 % and finally z, —z, was 55.14 %. Because the

oscillation of the passive suspension system is almost zero
after 7-10 s, in this study, the stabilization time hook of this
system was chosento be 7.0 s...

When moving on the road, it is impossible not to mention
a type of continuous and irregular oscillation. For example,
the road is continuously uneven, ... Therefore, the final test in
this experiment will simulate this type of road most
realistically when using the input signal as a random excitation
signal for 10 s. The comparison The data reveals that the semi-
active suspension system has controlled the oscillation. but not
well for the parameter Z,qq. There is still an overshoot leading
to the oscillation amplitude of this system being larger than
the passive system.

TABLE IV. COMPARISON FOR RANDOM INPUT SIGNAL TEST

. Time (s)

Parameters Unit 7S 5055 95s ADR
Passive 7, m/s2 1.57 1.07 157

Semi 7, m/s2 0.27 1.36 2.00
Difference

e Y - -

ratio 7, % 82.80 27.10 2739 944

Passive Z, m 197 0.016 0.024

Semi Z, m 0.11 0.026 0.020
Difference
ratio 7, % 94.42 -62.50 16.67 16.2
Passive
-1, m 0.005 0.001 0.006
Semi Z, —Z, m 0.002 0.0015 0.005
Difference
ratio z, — Z, % 60.00 -50.00 16.70 8.9

2, dd [m/s”]

o & b b ooow

Il Il L A4 | 55152 | L
1 2 3 4 5 Time (s) 6 7 8 9 w0 7
©

Fig. 6. The input signal is a random oscillation signal: (a) Z,,(b) Z,,

(© z, -1,

As seen in table 4 and overview in figure 6 semi-active
suspension system controlled the oscillation in the range of 0-
4 s and from 9.1 s for two parameters z, dd and z; - zo. but
better than that for parameter z, was controlled better than
semi-active suspension system in the range of 0-10 s and
achieved an average difference of 16.2 %

IV. CONCLUSION

The suspension system with a dynamic damper and semi-
active shock absorber, using a combination of the Sky-hook
and Ground-hook algorithms, is one of the highly effective
solutions. Compared with typical suspension systems, this
system has demonstrated significant advantages through the
proposed tests. The results of this paper serve as a foundation
for developing and optimizing the semi-active suspension
system from the traditional suspension system model. Further
development can be made by integrating a controller with
other algorithms to achieve higher system performance. In
particular, the combination with the LQR control algorithm
can be applied.
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