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Abstract. The vehicle's body oscillation when traversing bumps not only causes driver discomfort but also negatively impacts
the quality of the transported cargo. Consequently, numerous research studies have been conducted to improve suspension
system characteristics with the goal of enhancing the vehicle’s ride comfort and body stability. The majority of them have
shown that equipping trucks with an active suspension is the most effective technical solution for ensuring comfortable work-
ing conditions for driver and cargo safety. This paper focuses on modeling and controlling an active suspension system for
a truck in specialized simulation software, followed by evaluating its effectiveness compared to traditional passive suspension.
In particular, the paper presents a quarter-vehicle suspension model integrated with an auxiliary hydraulic cylinder submodel
controlled by a PID controller. The input parameters of the simulated suspension system were determined during full-scale
experiments with real vehicles in laboratory and road conditions. To confirm the adequacy of the proposed mathematical
model an experimental scenario was designed for measuring the vehicle body's oscillation parameters when traversing a step
bump in the “passive” suspension control mode. After validating the model, the study proceeded to investigate the effective-
ness of the active suspension system with the auxiliary hydraulic cylinder pressure PID control and compare the obtained
results with the “passive” control option of the suspension system. The survey results indicate that the active suspension sys-
tem, in conjunction with the PID control algorithm, significantly improves key performance metrics of the system. Specifi-
cally, the study found a reduction in oscillation damping time from 1.61 sec to 0.92 sec, a 16.7 % decrease in maximum am-
plitude of vehicle body oscillation and a substantial 61.5 % average reduction in vehicle body oscillation acceleration. On the
other hand, in the active suspension system, the damping ratio also improved by about 5.8 % (from 0.260 to 0.245). These
findings underscore the effectiveness of the active suspension system, as developed in this research, in enhancing the overall
performance of the vehicle in terms of stability, safety, and ride comfort.
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Tpancnopm

HalpaBJIeHHBIE Ha YIIyYIICHIE XapaKTEePHCTHK CHCTEM IOIPECCOPHBAHUS C IIEJIBIO TOBBIIICHUS KOM(OpTa €3/16I U yCTOHINBOCTH
Ky30Ba aBTOMOOWIISI, ITOKA3aJM, YTO OCHAIICHUE I'PY30BBIX TPAHCIOPTHBIX CPEACTB aKTHBHOM IIOJIBECKOMH sBIIsieTCs Hambolee
3¢ GeKTHBHBIM TEXHIIECKUM PEIICHHEM I oOecriedeHnsT KOM(MOPTHBIX YCIOBHI TPy/a BOAUTENS M COXPAHHOCTH TPAHCIIOPTH-
pyemoro rpy3a. B maHHOI cTaThe akmeHT c(OKyCHpOBaH HA MOJENMPOBAHUU W YIPABJICHNH aKTHBHOH IOJBECKOIl IPy30BOTO
aBTOMOOWJIA B CIICLHAIM3MPOBAHHOM IIPOrPAMMHOM OOECIICUEHHH C MOCIEYIONIeH OLeHKOH ee 3((GEKTUBHOCTH 110 CPAaBHCHHIO
C TPaAWIMOHHOHM MacCHBHOHM mojBeckod. B wacTHocTH, B paboTe mpencTaBieHa YeTBEPTHAs MOJENb MOJBECKH aBTOMOOHIISL
C HHTETPUPOBAHHOH CyOMOJENBIO BCIIOMOTaTeIbHOTO THIPABINIECKOTO IMIIMHPA, YIIPABISIEMOTO TOCPEACTBOM IIPOrPAMMHOTO
MU A-perynsaropa. BxoaHsle mapamMeTpbl MOIEIHPYEMOH CHCTEMBI ITOJPECCOPUBAHMS ONPENSISUINCH B XO€ HATYPHBIX JKCIIe-
PHMEHTOB C pealbHBIMH TPAHCIIOPTHBIMU CPEICTBAMU B JIAOOPATOPHBIX M JOPOXKHBIX YCIOBUSX. [l MOATBEP)KACHNUS aeKBaT-
HOCTH TIPEIOAKEHHON MaTeMaTHIeCKOH MOJENH pa3paboTaH CLEHApUil U MPOBEIEH SKCIEPUMEHT MO U3MEPEHHUIO MapaMeTpoB
KonebaHni Ky30Ba IPH MPEOIOJICHIH TPY30BEIM aBTOMOOHIEM HEPOBHOCTEH B PEKIME «ITACCHBHOTOY YIPABICHNUS ITOABECKOH.
Banmpanus Mozmen 1o3BoiMiIa B JaibHEWIIeM c(OKYCHpOBaThCsS Ha HCCIeNOBaHHM 3()(MEKTMBHOCTH aKTHBHOW ITOJBECKU C
ITN/1-perynupoBaHUeM JaBIeHHUs B pabodeil MONIOCTH BCIIOMOTaTeNIbHOTO THAPABIMYECKOr0 UIMHIPA U COTOCTABICHHH MOTTY-
YEHHBIX PE3yJbTaTOB C BAPUAHTOM «IIACCHBHOTO) YNPABIECHHS CHCTEMOH IMOofpeccopuBaHus. Pe3ymnbraTsl nccieoBaHus MOKa-
3aJI, 9TO CHCTEMa aKTHBHOMU IoJIBeCKH B codetanuy ¢ [1M/l-anroputMoM ynpaBieHuUs JaBJIeHHEM BCIIOMOTATeNbHOTO THIPOLH-
JIMHApPA 3HAYUTENIBHO YJIyUIIaeT OLEHOYHbIE 0Ka3aTe N MpoLecca 3aTyXaHHs KoiebaHus Ky30Ba aBToMoOms. Tak, Bpemst 3aty-
XaHUs KojebaHWi Ky3oBa cokpamaercs ¢ 1,61 go 0,92 ¢, a MakcuManbHas aMIUIUTYIa M CpeJHEe yCKOpeHHe KomeOaHWi
YMEHBIIAIOTCS] COOTBETCTBEHHO Ha 16,7 1 61,5 %. IIpn sToM ko3 durmenT nemndupoBanust cucTeMs! ymeHbimaercs ¢ 0,260 1o
0,245 (mpubmmsurensHo Ha 5,8 %), 9TO B COBOKYIHOCTH NOATBEPXkIaeT dP(EeKTUBHOCTH pa3pabOTaHHOH B paMKax JaHHOTO
WCCIIEJOBAaHNSI aKTUBHOI CHCTEMBI MOIPECCOPUBAHMS, a TAKXKe CHOCOOCTBYET IOBBIIICHUIO OOIIeH MPON3BOAUTEIBHOCTH aBTO-
MOOWIIS C TOUKH 3PEHHS YCTOHIUBOCTH, O€30MACHOCTH U KOM(OPTAOETEHOCTH €3/b1.

KawueBble ciaoBa: rpy30Boii aBTOMOOWIIb, aKTHBHAs IIOJIBECKA, BCIIOMOTATENbHBIA Tuapomwmuaap, [11/I-perynsrop,
1/4 MoneNib TIOIBECKH, MATEMAaTHYECKOEC MOJICIHPOBAHKE, MOJYHATYPHBIA 3KCICPUMEHT, K03(duImeHT aeMmnpupoBaHus,
XapaKTEPHCTUKH 3aTyXaHuUs KoneOaHui

Josi nurupoBanusi: ViccnenoBanne 3¢GQeKTHBHOCTH aKTHBHOU IIOJIBECKH I'PY30BOTO aBTOMOOWIIS CO BCHOMOTATEIIbHBIMH
runpasindeckuMu nunHApamu / Jle Ban Hrua [u np.] // Hayka u mexnuxa. 2025. T. 24, Ne 2. C. 143—151. https://doi.org/10.

21122/2227-1031-2025-24-2-143-151

1. Introduction

The suspension system is a soft connection be-
tween the vehicle body and the wheels, responsible
for ensuring a smooth ride for the driver, passen-
gers, and cargo, transmitting vertical and horizon-
tal forces from the wheels to the body and vice
versa. Currently, with increasing demands for the
smoothness of transported goods, active and pas-
sive suspension systems are being researched and
developed into practical products [1, 2]. Among
them, the active suspension system stands out
in terms of both research trends and deve-
lopments [3, 4].

An active suspension system can alter the for-
ces exerted from the wheels to the vehicle body,
thereby controlling the body’s movement by
adjusting the forces of the elastic and damping
elements. Presently, several trends in active sus-
pension systems include electronically controlled
air suspension systems and electronic regenerative
suspension systems.

Current research on active suspension focuses
on optimizing suspension parameters to enhance
driver, passenger, and cargo comfort. In Kumar’s
investigation [5] passive and active suspension
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systems based on criteria such as ride comfort,
suspension travel, and traction ability were com-
pared. Additionally, research ideas for improving
slip control have also been proposed by several
publications [6—10]. In 2017, a study on limiting
vertical acceleration to improve passenger and car-
go comfort was published by Fabian Ledn-Vargas
and colleagues [11].

To achieve the forces acting on the vehicle
body, various actuators have been studied for their
effectiveness in active suspension systems. Several
papers analyzing the performance of magnetorheo-
logical (MR) damper actuators indicate that MR
dampers effectively absorb body vibrations and
require low input power [12—14]. Besides MR fluid
dampers, hydraulic actuators have also been exten-
sively researched [15-18]. In one study,
Y. M. Sam [19] simulated an active suspension
system using hydraulic cylinders, demonstrating
that this system significantly reduces body acceler-
ation and displacement compared to passive sus-
pension systems.

In recent years, many control methods for ac-
tive suspension systems have been developed to
optimize actuator performance. Studies on using
Fuzzy Logic controllers to improve active suspen-
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sion stability and flexibility were published
in 2018 by Tiechao Wang and colleagues [20].
This method has also been used by researchers
Hongyi Li and M. V. C. Rao in their studies [21, 22].
Additionally, PID controllers are widely used in
active suspension control due to their simplicity
and quick response to road surface irregulari-
ties [23—-25]. Some researchers have combined two
or more control methods to achieve the best
results. In one of the articles [26] the authors com-
bined PID and Fuzzy algorithms to demonstrate
the active suspension effectiveness based on two
criteria: body acceleration and wheel-body dis-
placement.

This paper focuses on the evaluation of an ac-
tive suspension system using a servo valve and
hydraulic cylinders by simulation method [27-29].
The advantage of this actuator is its rapid response
and individual installation for each wheel, ensuring
continuous smoothness for the vehicle. After de-
veloping the mathematical equations, the passive
suspension system is simulated using specialized
simulation software. Real vehicle experiments
were conducted to obtain input parameters for the
simulation and verify the model. The hydraulic
actuator was added to the verified model to deve-
lop the active suspension simulation. Subsequent-
ly, the research series under various scenarios was
conducted to compare and evaluate the effective-
ness of active and passive suspension systems
according to three criteria: oscillation amplitude,
oscillation acceleration, and damping time.

2. Research methodology and developing
an active suspension system model

This paper analyzes the application of an active
suspension system on a truck through simulation
and investigation of a 1/4 suspension system's re-
sponses. The active suspension system model
is built based on a passive suspension system mod-
el with the addition of a hydraulic cylinder to alter
the force applied to the vehicle frame. Each control
valve of the hydraulic cylinder is managed by
a PID controller. The physical model of such
1/4 active suspension system is shown in Fig. 1.
The operation of the system is represented and
simulated by the set of mathematical equations (1)
below. The active suspension system is modeled
based on the passive suspension system with the
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addition of force F, generated by the hydraulic cy-
linder actuator. In the case of studying the passive
suspension system for comparison, the force F,
is assigned a value of zero.

zZ
J Sensor

.

Control
C R a i '#%
=K 3 signal 1515 controller

1z,

th

Fig. 1. Dynamic Diagram of the active suspension system

The active suspension model is described by
the following mathematical equations:

mZ=F.+F, +F,;
leI =(Fo + Fyp)—(Fe + Fie + F);

F.=C(2,-2),
Fy=K(Z,-Z); 1)
FCLZCL(h_Zl);
Fo =K, (h-2),

where m, m; — respectively sprung and unsprung
mass, kg; F, — hydraulic cylinder force of the
hydraulic control system, N; F¢ and C — force
and stiffness of the elastic element, N and N/m;
Fx and K — damping force and damping coefficient
of shock absorber, N and Ns/mz; Fc and Cp —
force and stiffness of tire, N and N/m; F; and K; —
force and damping coefficient of tire, N and Ns/m?*;
h —road profile, m; 4 — speed change of road pro-
file, m/s; Z and Z, — displacement of the sprung
and unsprung masses, m; Z and Zl — vertical
speed of the sprung and unsprung masses, m/s;
Z and Z1 — acceleration of the sprung and un-
sprung masses, m/s’. In this study, we utilize
the parameters of a truck with the following
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set of values: m = 1300 kg; m; = 200 kg;
C = 220000 N/m; C;, = 29000 N/m; K = 3500 Ns/m’;
K;,=3500 Ns/m’.

The mathematical model of the actuator sys-
tem, that generates the force F, has a structure as
shown in Figure 2, which includes a force cylinder
and a spool valve. The paper uses a pressure source
assumed to be stable, generated by a high-pressure
hydraulic pump P,, supplied to the distribution
valve. During operation, the distribution valve di-
rects high-pressure hydraulic oil from the pump to
the hydraulic cylinder chambers 4 and B. Distance
sensors installed on the vehicle send signals re-
garding the displacement of the sprung mass and
body roll angle to the controller. The controller
then generates signals to control the servo valve
displacement, thereby producing a force on the
sprung mass due to the pressure difference between
chambers 4 and B of the hydraulic cylinder.

122
| X
[ : I~
I_,_i J l
l N
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Lo A TZI

Fig. 2. Hydraulic control system model

When calculating and simulating the hydraulic
system, this paper makes several assumptions, such
as neglecting the fluid flow from chamber 4 to
chamber B due to the gap between the piston and
the cylinder (internal leakage), and the fluid flow
from chambers 4 and B to the outside (external
leakage) due to the non-absolute sealing of the cy-
linder structure. The initial pressure in chambers 4
and B is considered to be zero. With these assump-
tions, the equations for the pressures in chambers 4
and B of the cylinder are obtained as follows:

P, = I; [(-(z-2)s, +Q1)dt; @)

A
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P, = I;B j(-(z’1 AL +Q2)dt, 3)

where V, and V3 — 4 and B chamber’s cylinder
volume, m3; 0 and O, — fluid flow rates into
and out respectively 4 and B chambers, m’/s;

Z1 and Z — displacement’s velocity of the un-

sprung and sprung masses, m/s; K, — bulk mo-
dulus, Pa.

The equation for the fluid flow rate entering the
force cylinder chambers is calculated by the for-
mula:

O=kX \/%(Pv —sign(X)F,), )
P

where O — flow rate into the chamber, m’/s; k, —
adjustable flow coefficient of the valve; P, — pump
pressure into the distribution valve, Pa; P; — is the
pressure in the piston chambers, Pa; X — the dis-
placement of the distribution valve, m; p — liquid
density, kg/m’.

However, the flow coefficient £, is an adjusta-
ble variable and challenging to determine preci-
sely. Therefore, the fluid flow rate is calculated
using a proportional formula, where a certain dis-
placement X, of the servo valve and the pressure
difference AP, between chambers 4 and B will
result in a flow rate Qg

X AP
Ql = an Vv

. 5
an AI)dn ( )

Therefore, the force F, generated by the hy-
draulic cylinder is determined as follows

F, =P8y —P,S,. (6)

where S, Sp — piston’s area on the side respective-
ly without and with the piston rod, m* (Fig. 2).

As for the displacement X < 0 of the servo
valve, the calculations follow similar steps as de-
scribed above. In this study, the hydraulic para-
meters are calculated and selected as follows:
P,= 10342500 Pa; S,=0.01 m* p =9000000 kg/m’;
Xgn=1mm; V= Vy=0.002 m’.

Above presenting mathematical models of the
hydraulic actuator and suspension system kinema-
tics are simulated using MATLAB Simulink,
which structures are depicted in Fig. 3.
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Fig. 3. Simulation model structures of an active suspension system

After simulating the mechanical system, we
need to select a controller to control the dis-
placement of the servo valve, providing input sig-
nals to the hydraulic control model. For the active
suspension model in this study, achieving high
precision in controlling the hydraulic actuator is
essential. The PID controller is considered suita-
ble and effective for the active suspension system
due to its widespread use in closed-loop control
systems (with feedback signals). The PID control-
ler calculates the error value as the difference be-
tween the measured value of the variable parame-
ter and the desired setpoint. It minimizes the error
by adjusting the control input value. The feedback
signal of the controller used in this study is the
deviation between the vehicle body displacement
and road irregularities. In practice, this para-
meter can be approximately interpolated from the
distance between the vehicle body and the axle.
The PID controller is designed with the follo-
wing parameters: kp = 0.002, kp = 0.002,
and k; = 0.026. The controller output is then uti-
lized to calculate the displacement of the hydraulic
control valve.

3. Experimental procedure
and simulation model validation

The purpose of the experiments is to determine
the input parameters for the simulation model, spe-
cifically the damping coefficient, and to compare
the simulated system model when the force exerted
by the hydraulic cylinder is set to zero with the
suspension system of a real vehicle under the same
bumpy road conditions.

The characteristic of the real vehicle damper is
determined by the test stand following Fig. 4 be-
low.
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Fig. 4. Damper test stand

The system in Fig. 4 includes a drive mecha-
nism that generates translational motion for the
damper and sensors that measure damping force
and the velocity of the damper's head. The dam-
ping characteristics obtained from these measure-
ments are incorporated into the simulation model
as input parameters. To validate the model,
the paper utilized the experimental setup shown
in Fig. 5. In this study, two HF sensors and one S-
motion sensor from Kistler were used to measure
the vehicle body displacement and acceleration as
the vehicle moves over a 17.5 cm high step bump.

Due to the power limitation of the electric
motor on the damper test stand, the experiment
to determine the damping characteristics was only
able to cover a small working area, as shown
in Figure 6, where v, = Zl — 7 is damper speed, mys.
The remaining working area of the damper (Fig. 7)
was determined by interpolation based on the dam-
ping theory. The equivalent damping characteristics
in Fig. 7 served as input for the previously developed
quarter-car suspension simulation model.
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Fig. 5. Experimental configuration for determining the vehicle vibration

The paper validated the simulation model by
comparing the experimental results of the passive
suspension system on a real vehicle with the
simulated passive suspension system model using
the parameters obtained from the experiments
(with no force applied from the hydraulic actuator).
The results in Fig. 8 showed the amplitude values
between the simulation and experiment differed by
less than 10 % in general. Particularly, at the
maximum oscillation amplitude, the deviation was
only 0.61 %. The timing of peak values also
showed close similarity, with the largest deviation
being 7.7 %.

200
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z 600 | :
w8000 |

—1000 [ A
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~1400
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Fig. 6. Damping characteristics
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- - -Experiment |
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0 1 2 3 £

Fig. 8. Comparison of simulated and experimental displacement
of the sprung mass in the passive suspension system
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The simulated vehicle body acceleration
in Fig. 9 closely matched the experimental results.
Especially at the maximum acceleration (@pax),
the deviation was only 0.82 %, indicating a high
level of accuracy in the simulation. Through these
comparisons, the simulation model closely appro-
ximated reality across three evaluation aspects:
vehicle body displacement, body acceleration, and
oscillation damping time, demonstrating the
reliability of the constructed simulation model.
Therefore, this simulati on model can be
effectively used in conjunction with the hydraulic

control model to assess and evaluate the
effectiveness of the active suspension system.
7000,
6000/ s
5000+
- 4000
3000
2000/
1000 -
o -
~1000
06 04 —02 0 0.2 0.4 v, m/s 0.6
Fig. 7. Equivalent damping characteristics
as input for simulation
5
|—— Simulation
7 2
Z, m/s |- - - Experiment

-10' '
0 1 2 3 ts 4
Fig. 9. Comparison of simulated and experimental vehicle
body acceleration in the passive suspension system
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4. Comparison and evaluation of active
and passive suspension systems

After conducting comparisons to validate the
simulation model, the paper proceeded to input
experimental parameters into the active suspen-
sion system model. Simultaneously, the study
determined the parameters for the PID controller.
The results have indicated that the constructed
active suspension system significantly optimizes
vehicle body motion. Fig. 10 depicts the displa-
cement of the vehicle body using active and
passive suspension systems when passing through
a 17.5 cm high step input. 4, represents the /™ peak
of the wvehicle body displacement, correspon-
ding to time #. Amplitude values of vehicle body
oscillation are shown in Table 1.

0 DRSPS
7 : Passivci
> m i - --Active |
-0.1
-0.2
-0.3 - - . :
0 1 2 3 ts 4

Fig. 10. Vehicle body displacement

Through simulation, it is observed that the
active suspension system reduces oscillation
amplitude by up to 16.7 %, particularly in the two
largest oscillations. The damping time of oscilla-
tions also significantly improves, achieving 0.92
seconds compared to 1.63 seconds for the passive
suspension system. From the above results, it is
also possible to calculate the damping ratios, which
are determined using the logarithmic decrement
method, for the passive and active suspension
systems. The received values — 0.260 and 0.245,
respectively show the damping ratio reduction
compared to the passive suspension system 5.8 %.
This indicates that the active suspension system
also enhances the wvehicle body’s oscillation-
damping capability. Therefore, this demonstrates
that the active suspension system restores the
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vehicle to a stable operating state more quickly
compared to the passive suspension system.

Table 1
Amplitude values of vehicle body oscillation

Reduction ratio compared
to passive suspension system (%)

Aziiactive Ai |_passive
(mm) | (mm)

1|-219.1| -263.1 16.7
2 |-1559| -136.7 14.0
31-183.1| -193.0 5.1

Fig. 11 shows the vehicle body acceleration
when passing through a step input, comparing
active and passive suspension systems. From the
comparison Table 2, it is evident that the simula-
tion model of the active suspension system greatly
reduces vehicle body acceleration compared to the
passive system. Particularly, for the first two
maximum accelerations, vehicle body acceleration
decreases by 45.2 and 77.8 %, respectively, com-
pared to the passive suspension system. In conclu-
sion, the received results show that the ave-
rage reduction ratio of vehicle body acceleration
is 61.5 % in comparison to the passive suspension
system.

5 . =7

; 2 —— Passive |
Z,mfs -~ ~Active i
0 |

|

|

! |

|

51 |

|

|

|

-10 !

0 1 2 3 s 4

Fig. 11. Vehicle body acceleration

Table 2
Acceleration values of vehicle body oscillation

Reduction ratio | Average reduction
Qi active | &i_passive compared to ratio compared to
(m/s*) | (m/s*) |passive suspension| passive suspension

—

system (%) system (%)
1| -5.49 | -10.02 45.2
61.5
2| 0.89 4.01 77.8
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CONCLUSION

In summary, the paper has successfully con-
structed dynamic models of both semi-passive and
semi-active suspension systems. Using computer
simulation software, the paper also simulated semi-
passive with semi-active suspension systems, and
validated the models against experimental results,
thereby demonstrating the effectiveness of the ac-
tive suspension system on trucks. In general, simu-
lation results showed an error of less than 10 %
across all three criteria: oscillation amplitude,
oscillation acceleration, and damping time. Specif-
ically, the high precision of the developed suspen-
sion model was confirmed at the pick points of the
vehicle oscillation graph. This study has substan-
tiated and evaluated the specific effectiveness of
the active suspension system with high precision
due to actual experimentation. The PID controller
exhibited rapid computation and control capabili-
ties, meeting the real-time demands of the sus-
pension system. Moreover, the PID controller sig-
nificantly improved the damping ratio (5.8 %),
average acceleration (61.5 %), and maximum am-
plitude (16.7 %) compared to the passive suspen-
sion system. From this research, further develop-
ments could involve whole-vehicle simulations,
replacement of PID controllers with other control
systems, and standard stimulation for wheel re-
sponse.

Funding: This research is funded by the Ha-
noi University of Science and Technology un-
der project number T2023-PC-023.
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