TPAHCIMNOPT
TRANSPORT

https://doi.org/10.21122/2227-1031-2024-23-5-417-426
UDC 629.331.03-83-592.3

Control Voltage Effect on Operational Characteristics
of Vehicle Magnetorheological Damper

Le Van Nghia”, Dam Hoang Phuc”, Tran Trong Dat”, Nguyen Trung Kien?,
S. V. Kharitonchik®, V. A. Kusyak®

YHanoi University of Science and Technology (Hanoi, Socialist Republic of Vietnam),
?Dai Nam University (Hanoi, Socialist Republic of Vietnam),
Belarusian National Technical University (Minsk, Republic of Belarus)

© benopycckuii HallMOHANBHBIN TEXHUYECKUH yHUBEpCUTET, 2024
Belarusian National Technical University, 2024

Abstract. Considering the increasingly large-scale application of magnetic fluids in various industries, we can confidently
state that in the near future magnetorheological dampers will be widely used in adaptive automotive suspensions due to their
operational flexibility and simplicity of controlling damping forces by changing the magnetic fluid properties according
to parameters of surrounding electromagnetic field. The antivibration efficiency during operation is achieved by regulating
the hydraulic resistance of the “magnetic” shock absorber by applying voltage to the windings of its coil. In addition to
the physical properties of the oil used in the “magnetic” shock absorber, the viscosity of the working magnetorheological fluid
is greatly influenced by the shape of the control signal. The paper focuses on the theoretical aspects of constructing a mathe-
matical model of ac magnetorheological damper and presents the results of a computer experiment to assess effectiveness
of its use as part of the adaptive suspension a passenger vehicle. In this case, the actual parameters of the “magnetic” shock
absorber, used in modeling the dynamic process, were determined experimentally on a test bench, and the adequacy of the
developed mathematical model was confirmed by the results of a semi-natural experiment. Using a verified model, the mag-
netorheological damper characteristics were obtained and compared for various forms of control signal, including rectangular
voltage pulses of various frequencies and duty cycles, sinusoidal pulses and constant voltage signals. The analysis of the anti-
vibration efficiency was carried out on the basis of the developed “quarter” model of a semi-active car suspension with
a verified submo-del of a magnetorheological damper integrated into its structure. Moreover, the simulation scenarios were
based on the selected strategy for controlling the voltage supplied to the windings of the “magnetic” shock absorber. As the
results of theoretical and experimental studies have shown in terms of energy consumption, expansion of the working area
of the damping characteristic and achieving smooth control of the damping force, the most effective is the use of a sinusoidal
pulse voltage signal in the control circuit, which ensures a reduction in both the amplitude and damping time of oscillations.
However, when de-signing and manufacturing a controller, creating a pulse modulator for generating sinusoidal pulses coin-
ciding in phase and frequency with the vibrations of the car body is very difficult due to the random nature of external distur-
bances from the road surface. When a constant voltage is applied to the magnetorheological damper winding, the damping
properties of the suspension are also improved compared to the basic design based on a traditional hydraulic shock absorber.
Moreover, there is a proportional relationship between the voltage supplying the damper, the amplitude and damping time
of the vibrations of the car body is observed. An increase in the control signal voltage from 1 to 2 V leads, in comparison
with passive control of a magnetic shock absorber, to a decrease in the maximum amplitude of vibrations of the car body
by 6.25 and 11.25 %, respectively, and a decrease in the vibration damping time by 0.72 and 1.41 s.
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Binsinue ynpapisiioniero Hanpsi;keHusi Ha IKCIJIyaTalluOHHbIE XapaKTePUCTUKH
MArHUTOPEOJOrHYeCcKoro aemindepa aBToMoonJIst

Jle Ban Hma”, Jam Xoanr nyKl), Yaun Your I[aT'), Hryen Uynr KbeHZ),
C. B. Xapuronunx”, B. A. Kycsx”

VX anoiicknii yHHBepCHTET HayKn 1 TexHosoruit (Xanoit, Conpamucrnyeckas Pecrny6mnka BeetHam),
) Tait Ham yuusepcurer (Xanoit, Conmanuctudeckas Pecriy6nuka BretHam),
3)Eeﬂopyccmzlﬁ HAIIMOHAJIFHBIN TeXHUYEeCKMA yHUBepcuTeT (MuHCK, Pecrrybnnka benapycs)

Pedepar. YunteiBas Bce Ooiee MacitabHOE IPUMEHEHNE MarHUTHBIX XKUAKOCTEH B Pa3iIMYHBIX OTPACISIX MPOMBIIIICHHO-
CTH, MO>KHO C YBEPEHHOCTBIO KOHCTATHPOBATh, UTO B OipKaiiieM OyIyIleM MarHUTOPEONOTHYECKUe AeMIlpepbl Oy Iy T IIH-
POKO HCIIOIB30BAThCS B aBTOMOOMIJIBHBIX MOABECKAaX aJalTHBHOTO KJacca BBUAY HX HKCIUTYyaTAal[IOHHON YHHBEPCAJIbHOCTH
U HECJIOXKHOT'O aJI'OpUTMa yIpaBJICHUs SHeprueil paccenBaHus NPH U3MEHEHUU CBOMCTB MarHUTHOM JKUJKOCTU B 3aBHCUMO-
CTH OT IapaMeTpOB JIEKTPOMArHUTHOTO 10JA. D(P(EKTUBHOCT TalleHus KoneGaHuil B MpoLecce ABMKEHUS JOCTUraeTcs
3a CUET PeTyIMPOBAHHS THAPABIMIECKOTO COINPOTHBICHHSI «MarHUTHOTOY» aMOPTH3aTOpa MOCPEICTBOM MOAAYN HAIPSKEHUS
Ha 00MOTKH ero kKatymkd. [IoMrIMo Gpu3n9ecKux CBOHCTB HCIOJIB3YEMOTO B «MarHUTHOM» aMOPTH3aTOpe Maciia, Ha BSI3KOCTh
paboyeil MarHUTOPEOIOrHYECKON JKUAKOCTH OONBIIOE BIMSHUE OKa3biBaeT ()opMa YIpPaBISAIOLIEro cCUrHaia. B cratee pac-
CMaTPUBAIOTCS TEOPETHUECKUE aCIEKThl HOCTPOCHHSI MATEMAaTHUECKOM MOZICNIM MarHUTOPEOJIOrHYeCKoro geMidepa 1 npuBo-
JSITCSL pe3yNIbTaThl KOMIIBIOTEPHOTO 3KCIEPUMEHTA MO OIeHKe 3()(EKTUBHOCTH €ro HCIONIB30BaHUS B COCTaBE aJalTHBHON
TIOJIBECKH JIETKOBOTO aBTOMOOWIA. IIpy 5TOM (pakTHUecKHe mapaMeTpbl «MarHUTHOTO» aMOPTHU3aTOPa, MCHONb3yeMbIe MpH
MOZENUPOBAHUU JUHAMUYECKOTO TPOIIECcca, ONPEAEIINCh IKCIEPIMEHTAIIBHO HAa HCHBITATEIbHOM CTEHJE, a afeKBaTHOCTh
pa3paboTaHHONW MaTeMaTHYECKOW MOJEIH HMOATBEPIKACHA pe3yNbTaTaMH MONTyHATypHOro 3KcnepuMeHTa. C IOMOIIBIO Bepe-
(UIUPOBAHHON MOJIENH MOJYyYEHBI M CONOCTABJICHBI XapaKTEPUCTUKH MarHUTOPEOJIOTHYECKUX AeMII(EepOB IIPH Pa3IUIHBIX
(dopMax ynpapisIOIIEro CHrHania, BKIIOYash IMPSIMOYTOJIBHBIE UMITYJIBCHI HANPSHKEHHS Pa3IMYHOM 4acTOTHl M KOd(hdHUIreH-
Ta 3aI0JHCHUS, CHHYCOMJAIbHbIC MMITYJChl U CHUTHAJIBI IIOCTOSHHOTO HANpsDKeHHs. AHaiU3 3Q(EKTHBHOCTH TallleHHs
KoneGaHui mpoBoAMIICS Ha 6a3e pa3pabOTaHHON «IETBEPTHOI» MOAENH TOMYaKTHBHOM MOIBECKH aBTOMOOMIIS C HHTETPHUPO-
BaHHOH B €€ CTPYKTYpy BepH(HIMPOBAaHHOI CyOMOAENBI0 MarHUTOpeoIorndeckoro aemigepa. [Ipudem crenapun Moneu-
POBaHUsSI OCHOBBIBAINCH Ha BBIOPAHHOW CTpaTErMU YIPABJICHUS HAIpsHKEHHEM, I0aBaeMbIM Ha OOMOTKH «MarHUTHOTO)
amopTu3aTopa. Kak mokasanu pe3ybTaThl TEOPETUUECKUX M SKCIIEPUMEHTANBHBIX HCCIENI0BAHNI C TOUEK 3pPEHUST SHEPTOIo-
TpebieHus, pacmmpeHns padodeit 06IacTH AeMI(UPYIOMEH XapaKTePUCTHKU M JOCTIDKCHNUS IIABHOCTU YIPABIICHHS JEMII-
¢upyroweii cuoi, Harnbonee 3)(HEKTUBHBIM SIBISETCS MCIONB30BaHKE B LIENU YIPABJICHUS] CHHYCOMIAIbHOTO UMITYJIECHOTO
CHTHaNa HaNpsHKeHHs, 00ECIeUNBaIOIIEr0 YMEHbIIEHHE KaK aMIUTUTY b, TaK U BPEMEHU ramieHus konebanuil. OqHako mnpu
MIPOEKTHPOBAHUH W HM3TOTOBJICHHH KOHTPOJUIEPA CO3JaHHE MMITYJILCHOTO MOMYJISITOPA, TEHEPHUPYIOMIET0 CHHYCOUIAIbHbIC
HMITYJIbCHI, COBIAJAIOIME 110 (ha3e M JacToTe ¢ KoJeOaHMSIMU Ky30Ba aBTOMOOMIIS, BECbMa 3aTpyIHHUTEIBHO BBUY CIIydaii-
HOI'O XapakTepa BHEIIHUX BO3MYILIEHUH OT 10pokHOro nokpsitud. [Ipu nogaue Ha 0OMOTKY MarHUTOPEOJIOIHYECKOro JIeMII-
(epa curHasa HOCTOSIHHOTO HANpPSDKEHHS IeMII(HUPYOLINe CBOHCTBA MOIBECKH TAKKE YIIYHIIAIOTCS 110 CPABHEHHUIO ¢ 6a30BOi
KOHCTPYKIHEH Ha OCHOBE TPAJWIOHHOTO THJPABINYECKOr0 aMopTu3aropa. IIpudaemM mpociexuBaeTcs MpOIopIHOHANbHAS
3aBUCHMOCTB MEXTy BOJIBTa)KOM ITUTAIONIETO JeMIdep HAIpsDKCHNUS, aMIUIUTY 10 U BpeMeHeM 3aTyXaHus KoJieOaH!i Ky30Ba
aBTOMOOMJISL. YBEIMUEHHE HANpPSHKEHHs YNPABIAIOIIETo curHana ¢ 1 1o 2 B mpuBOAUT MO CPaBHEHUIO C MACCHBHBIM YIpaB-
JICHHEM MarHUTHBIM aMOPTH3aTOPOM K CHIDKEHHIO MAaKCHMAlIbHOW aMIUTUTYJBI KONeOaHWi Ky30Ba aBTOMOOWIIS COOTBET-
CTBEHHO Ha 6,25 1 11,25 % u yMeHbIIeHNIO BpeMeHH TameHus konebanuii va 0,72 n 1,41 c.

KnroueBble cjloBa: akTHBHAs I10J(BECKA aBTOMOOWIISI, MAarHUTOpeoJIoruueckuii nemmdep; Mozxens 1/4 noaBecku aBTOMOOHIIS;
Mozenb Jlans, curHajbl yNpaBisIOIIET0 HANPSDKEHUs, TMOMYHATYPHBIH SKCIIEPHUMEHT, UCIIBITAHHE MarHUTOPEOJIOTHYECKOTO
nemMndepa, IMATAIIIOHHOE MOIEINPOBAHNE, XapaKTEPUCTUKH AeMIIDHPOBAHUS

JUist uuTHpOBaHus: BiksHNE yIPaBISIOLIETO HAMPSDKCHHS Ha OKCIUTyaTallMOHHBIC XapaKTePUCTHKUA MarHUTOPEOIOTHYECKO-
ro pemndepa asromobmis / Jle Ban Hrua [u ap.] / Hayxa u mexnuxa. 2024. T. 23, Ne 5. C. 417-426. https://doi.org/
10.21122/2227-1031-2024-23-5-417-426

Introduction

Due to the unique properties of magnetorheolo-
gical (MR) fluids the last one has been used in
a wide variety of applications such as rotary
brakes, forging equipment, clutches, polishing and
grinding equipment [1-6]. Among them, MR li-
quid dampers are semi-active control devices that
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are widely used in today's industrial applications.
Magnetic rheological damper (MRD) is one of the
semi-active devices that promises to be commonly
used in automotive engineering. The main feature
of MRD is magnetic rheological oil, whose speci-
fic properties can be changed by applying
a magnetic field, which in turn can leads to indu-
cing force variation in the damping [7, 8].

Hayka
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To study the model of the MR damper, several
methods have been proposed over the years to
obtain MR damper models and determine their
parameters. Spencer and colleagues [9] developed
a phenomenological model that accurately describes
the response of MR dampers to cyclic stimuli. This is
a modified Bouc—Wen (BW) model adjusted by or-
dinary differential equations. The models based on
the BW in semi-active seismic vibration control have
proven to be easy in usage and have an acceptable
quantity. Using a different approach from Spencer's,
Kyle et al modeled an MR damper as a Takagi—
Sugeno—Kang fuzzy inference system [10]. The mo-
del's training and test data were generated using
Spencer's MR damper model.

In a study at Sakarya University, experimental
and theoretical analysis was performed to predict
the behavior of a linear rheological magnetic
damper. A rheological magnetic damper was de-
signed and built for dynamic testing on a me-
chanical cage that sinusoidal stimulus. The same
flow analysis was performed on the prototype MR
damper based on the Bingham model, and a para-
metric algebraic model was analyzed to test the hys-
teresis behavior of the MR damper. The final obser-
vation was that the algebraic model succeeded at the
highest excitation velocity of 0.2 m/s [11].

Other authors have studied the response of the
MR damper, emphasizing the difference between
the pre-elastic and the posterior viscous volumes as
an essential aspect of the damper. The study by
Spencer, Butz, and Stryk showed that the difference
between using the modified BW model and the
Bingham-plastic model in a 2-degree-of-freedom
automotive dynamic system was minimal [12].

In 2003, John Gravatt conducted a performance
test of the suspension combined with the MR shock
absorber on a sports motorcycle. The obtained re-
sults showed the criterion of reducing suspension
displacement, stability time, and oscillation of the
suspension system when equipped with MR dam-
pers, thereby improving the efficiency in reducing
instability [13].

Due to their enormous force control ability,
magnetic rheological dampers have been used to
avoid seismic effects caused by earthquakes on civil
works. In an experiment, the dynamic power of the
damper checked by a dynamic excitation test was
compared with two types of rheological fluids. Two
types of rheological fluids are 132LD, manufa-
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ctured by Lord Corporation, and experimental pro-
duct #104, manufactured by Bando Chemical Indus-
tries on a trial basis [14].

Like the above experiment, an MR liquid sample
was developed using OKS1050 silicone oil and
mixed with carbonyl powder. Furthermore, to re-
duce deposition, Aerosi200 was added as a stabi-
lizer, and the finite element method modeled
the magnetic field acting on the rheological liquid.
Then the model was analyzed by ANSYS software,
and the results showed that the model comple-
tely satisfied the dynamic characteristics of the me-
chanical system [10].

Kyle and Roschke used a fuzzy logic-based
model with three inputs: displacement, voltage, and
velocity, which were modeled on the data generated
by the simulation. From the experimentally mea-
sured data, it can be seen that the hysteresis loop is
independent of the steady field. Therefore, the BW
model parameters are considered independent of the
current [15].

According to the research [16], the controlled
damping force was generated depending on the con-
trol current. In addition, MR fluid shock absorbers
were operated with high reliability, and their func-
tions were virtually uninterrupted by temperature
fluctuations or any impurities in the fluid. However,
the significant disadvantage hindering the MR fluid
damper was its non-linear properties concerning
force versus displacement and hysteresis force ver-
sus velocity. Therefore, making an MR fluid damper
with maximum efficiency is a big challenge, espe-
cially when it comes to making an accurate model
to take full advantage of this particular device.
Another is to design the most efficient algorithm
to improve the system's performance.

The MRD characteristic is a function of the vol-
tage or current flowing into the solenoid coil. In ad-
dition, this characteristic is highly dependent on the
input voltage or current characteristics. Thanks to
this relationship, the drag coefficient of the MR
dampers can be easily controlled in real-time. There-
fore, the study of MR damping is necessary, which
requires studies in building MR damping models.

This article presents a study on the influence
of voltage-controlled signals on the characteristics of
MR dampers, thereby providing a basis for develop-
ping control algorithms for car’s active suspension
systems. A simulation method combined with
experiments is chosen to conduct the research.
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Specifically, an MR damper model is constructed
and validated through experiments on a test bench.
This model is then used to develop a quarter-car
suspension system model, analyzing the effective-
ness of MR dampers when the vehicle encounters
road irregularities.

System design and results

Suspension model combined with MR shock ab-
sorber. The MR damper has a non-linear characteris-
tic curve, which makes it difficult to describe its be-
havior. The proposed models must be accurate, that
is, the output of the predictive model and the experi-
mental data must be the same. The model must also
be simple to allow an easy parameter identification,
and the controls are less complex and ultimately re-
versible, meaning that different inputs and outputs
can be selected and changed position.

In 1968 the magnetic field damping model was
independently proposed by Dahl to describe fric-
tion behavior and developed by Bouc (1971) to
represent hysteresis phenomena. Dahl’s viscous
model used in this study is based on the model
proposed by Aguirre [17]. The diagram of Dahl’s
viscous model is shown in Fig. 1.

» Zy
o Dahl
A— £
é »Fy
7
T
27— E

Fig. 1. Dahl model diagram

Dahl's MR damping model, described by equa-
tions (1) and (2), considers semi-static links in the
origin of friction. The damping force F;, is a func-
tion of the instantaneous damper piston velo-
city Z,. In addition, the damping force F, is also

affected by the hysteresis loop shape parameters &,
kyas ks, p and the dynamic hysteresis coefficient
w, describing the nonlinear damping behaviour:

F,=k,z, +(k,, +k,u)w (1)

wa

w:p(z.d_|z.d|w)7 (2)
where u — MRD coil control voltage, V.

From equation (2), it can be shown that in-
creasing the voltage u or k,, will have the same
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effect on the shape. Increasing either of them will
result in an increase in the value in the hysteresis
loop. Reducing p will change the width of the hys-
teresis ring, producing a rapid change in force.
The hysteresis parameters, used in the Dahl’s
viscous model are the following: u =03V, k; =5,
ko = 80, kyp= 80, p=10.

Car’s Y4 suspension model combined with MR
shock absorber is shown on Fig. 2, where the pas-
sive damping element is replaced by MR damper
and the damping coefficient ¢, is no longer shown.
The right part is the MR shock absorber; the left
one is the passive 1/4 suspension model. The input
of the 1/4 suspension model is the road surface
vibration z, (the study uses the 5 cm square pulse-
shaped pavement impact) and the magnetic dam-
ping force F,; of MR shock absorber. The output
of the model is the vehicle body displacement z,,
the wheel displacement z,,, and the oscillation body

velocity z,, which is the input of the MR dam-
ping model. As a result, the suspension system has

only two parameters, £ and F,; (F;; MR damping
force calculated using the Dahl model).

A -
Body mp I ot
2 f u(V)
Suspension
¥
Wheel 1y, T Zw
ket
Tyre
o

Fig. 2. Car’s Y suspension model with MR damper
k, k,— stiffness of the spring element and tire, £ = 12500 N/m,
k, = 76000 N/m ; m,, m,,— vehicle body and wheel weights,
my, = 342 kg, m,, =38 kg; F;— MRD damping force, N

Equation (1) combined with MR damping gives
the following equation:

myZ, =—k(z, —z,)+ Fy;
mw.Z'w :k(Zb _Zw)_kt(zw _Zr)_Fda

)

where Z,, Z — accelerations of the sprung and

w

unsprung masses.
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Experimental determination of Dahl model
parameters and experimental results. For experi-
mental determination of damping characteristics
a special test bench (Fig.3) was manufactured
at Department of Automotive Engineering group
of Hanoi University of Science and Technology.

Fig. 3. Test equipment for damping characteristics
1 — Motor; 2 — Cylinder-piston; 3 — MR damper; 4 — Gearbox;
5 — Eccentric disc; 6 — Force sensor (load cell);
7— Control box; 8 — Pulse encoder; 9 — Power switch

Test equipment includes BWI front suspension
MR damper 3 (see Fig. 3) of Acurra 2011 cars,
which has the following characteristics:

— Dimensions, LxDxd: 760x287x259 mm.

— Weight: 3,1 kg.

— The change in damping force with the ex-
pression variations from 0 to 1 V: about 800 N.

— Inner solenoid coil resistance of damper
measured: 1 Q at 29 °C.

In this study, damping characteristics were
measured at low voltage supply states. The test
scenario involves measuring the force acting on the
piston, piston rod displacement/velocity and the
encoder pulse when the control voltage changes
from 0 to 1 V with an average step of 0.2 V [18].

The comparison of MR damping properties be-
tween simulation and experiment through qualita-
tive geometry is shown in Fig. 4. The graph shows
damping characteristics based on the relationship
between the force-velocity and the force-displa-
cement of the piston under the action of a vol-
tage of 0.1 V.

According to the graph, regarding the profile of
the force-displacement relationship, the damping
force is symmetrical about the axis. Do the same

[ Hayka
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for different supply voltages to the damper, thereby
building a relationship between the hysteresis pa-
rameter values on the Dahl model and the control
voltage.

300

T
= Simulink
""" Experiment

2001

MR Force (N)
(=}

L

=

(=)
‘

—200r

_300 . \ . . . s
=30 -20 -10 0 10 20 30

Piston Velocity, cm/s

200F

100

| Damper Force (N)
o

-5 -4 -3 2 -1 0 1 2 3 4 5
Piston Displacement, cm

Fig. 4. Simulation and experiment damping characteristics
when applying voltage 0.1 V:
a — Force-velocity characteristic of MR damping;
b — Force-displacement characteristic of MR damping

Qualitatively, the characteristics of the dam-
ping force according to the simulation are close
to the characteristic curve when experimenting,
which shows that the parameters used in the simu-
lation are very close to the actual conditions. These
parameters were evaluated and determined through
the correlation function to find the ratio between
simulation and experiment by determinng the force
at the same displacement position on the graph.
The summary and evaluation of the correlation
between simulation according to the Dahl model
and MR Acurra 2011 damping experiment is
shown in Table 1.

Thus, the correlation coefficient between the
simulation and experiment is close to 1, which can
be concluded that the parameters used in the simu-
lation are relatively consistent with the actual ex-
perimental determination of MR damping charac-
teristics using the 2011 Acurra front suspension.

421

Science and Technique. V. 23, No 5 (2024



Tpancnopm

This parameter will be used to simulate the charac-
teristics of the MR dampers under the influence
of different voltages.

Table 1
Correlation between simulation and experiment

Voltage (V) Correlation betwe.en simulation
and experiment

0 0,9831
0.1 0,9693
0.3 0,9782
0.5 0.9841
0.8 0.9263

1.0 0.9657

Simulation of MR damping performance. To
study the influence of control signal form on the
characteristics of MR dampers, the paper uses
the Dahl's model with different control voltage
signals, schematically depicted in Fig. 5.

- x,

IU
ety

»ly

ANNNANNNNRNNNY

kq
[T
L

Fig. 5. Schematic simulation of the voltage effect on MRD
damping characteristics

In this diagram, the x, displacement signal is a
sine wave with the amplitude of 5 cm and the fre-
quency of 1 Hz. The control input voltage signal
for the MR damper is the voltage signal U. This
voltage varies according to the preselected charac-
teristics and is shown in Table 2 [19].

Table 2
MR. damping characteristic simulation scenario
Alt.e - Control Voltage Characteristic
nativel
| Constant voltage level 0 Force-time
and 0.5 V (Fa=10
Sine and square pu Ise voltage Force-displacement
2 |supply, positive side, (F—z)
0.5 V amplitude d—ed
Sine and square pulsg yoltage Force-velocity
3 [supply, negative-positive (Fy— z,)
symmetry, 0.5 V amplitude 4
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In case of constant voltage supply 0 and 0.5V
to the MR damper (see Table 2, alternative 1) the
simulation results of the damping characteristics
are shown in Fig. 6 and 7. The graphs show the
time history of MR damping force characteristics,
according to velocity and piston displacement.

Damper Force (N)

0 0.5 1.0 1.5 2.0 2.5 3.0
Time, s

Fig. 6. F;—t characteristic at a constant control voltage

Velocity, cm/s

Fig. 7. Fy—z, characteristic at a constant control voltage

According to Fig. 6, when the constant voltage
is applied to the shock absorber, the damping force
has the same profile as the velocity (faster than
the displacement z, by n/2). This shows that MR
dampers' characteristics are similar to those of pas-
sive dampers (F, -z, > 0). However, the value of

the damping force is proportional to the input vol-
tage; the profile is also steeper when increasing
the control voltage (F,— t graph), showing a very
immediate effect on the damping when the voltage
is present. In Fig. 7 (F; —z, graph), in the state

without controlling voltage, the damping cha-
racteristic is almost the same as that of the passi-
ve damping type (the characteristic curve is quite
linear); however, when the controlling voltage is
applied, in the input control, the damping force
varies significantly for the low-speed, while in the
high-speed, the damping force has a linear charac-
teristic. This shows that with a constant control
voltage, the damping force with velocity (F;—-z,)

characteristic divides into two zones:

Hayka
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— low-speed zone: the area with high hystere-
sis; the applied force significantly differs between
the compression and return strokes;

— high-velocity zone: the force characteristics
have almost no hysteresis; the force value increa-
ses linearly with the speed and damper input vol-
tage.

In case of positive side voltage pulse supply to
the MR damper (see Table 2, alternative 2) — the
simulation results of the damping characteristics
under two pulse types “sine” and ‘“square” are
shown in Fig. 8 and 9 through 2 graphs: F, — ¢
and F;— Z,.

400

— Without control

| = = Sine pulse control ||
= ~.
300p ! ™, i ir\\‘ =-=Square pulse control
=

200f
100
o
-100
-200
-300
—400 : : % w \
0

Damper force (N)

Fig 8. F,—t characteristic at positive side control voltage

On the graph (F, — ) (Fig. 8), the oscillation
phase of the force is still in phase with the piston
speed, but the force amplitude is small and the
damping force characteristics between the two con-
trol pulses are very close together. At some point
on the force curve when driven by a “square”
pulse, the damping force has a characteristic step-
wise step over the pulse duration (in locations
where the control voltage is sudden, the force
spikes sudden), this will affect the smoothness of
the body. After a short time, this force characteris-
tic coincides with the force characteristic of the
“sine”” impulse control pulse. This shows that the
sine control signal will give better controllability
and energy saving than the square pulse signal.

The force versus velocity characteristics is

shown in Fig. 9. The graph (F, —z,) shows that

the hysteresis area of the damping force is extend-
ed to include the high-velocity zone, overcoming
the disadvantage compared to the control in the
form of constant voltage. The hysteresis area of the
damping force in two different compression and
return states is more comprehensive when the
damping is in the compressed state. It shows that
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Damper force (N)
=

the shock absorber has a wider working area in the
compression state with this control pulse.

300 —Without control
- - -Sine pulse control
==-=Square pulse control

200
100

Damper force (N)

—-100
—200

-300

=30 -20 -10 0 10 20 30
Velocity, cm/s

Fig. 9. F;— z , characteristic at positive side control voltage

In case of positive-negative symmetrical vol-
tage pulse supply to the MR damper (see table 2,
alternative 3) the simulation results of the damping
characteristics are shown in Fig. 10 and 11.

400 —Without control
= = Sine pulse control ||
~
300 \‘\ ! _\ r\_‘.\ =-=Square pulse control
\ ~ 2
200 AR e y
i

Damper force (N)
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<

0 0.5 1.0 1.5 2.0 2.5 3.0
Time, s

Fig. 10. F,;— t characteristic at positive-negative
symmetrical control voltage
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—Without control
= = Sine pulse control =
=-=_Square pulse control
1 I

Fig. 11. Fy—z , characteristic at positive-negative symmetrical

control voltage

The amplitude of the maximum force is re-
duced in the case of “sine” pulses and unchanged
in the “square” case, besides, the force profiles in
the two cases appear with many jumping points.
For “square” pulses are points where the supply
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voltage direction changes, while “sine” pulses
are points with extremes on the “negative” side,
the force characteristics (F,; — ¢) when driven by
a “square” pulse for the jump larger than the
“sine” pulse.

On the (F;—Z,) graph, the hysteresis zone of

the force is also enlarged, as in the case of positive
flank impulse supply.

Comment. The damping force characteristics
are various with different types of control voltages.
With a constant control voltage, the force drop is
symmetrical both in the compression and the re-
lease strokes and have a smooth curved character-
istic, the slope of which changes with the input
voltage. In the two cases of the pulse voltage sup-
ply, it was found that the damping is more effec-
tive in the compression stroke, which allows the
control voltage characteristic to be developed when
designing the control for this type of damping,
thereby helping to extend its operational tuning
range relative to an initially specified control cha-
racteristic.

In this simulation range, the impulse cont-
rol voltage signal is fed according to the piston
oscillation frequency, so according to the results
in Fig. 8 and 9, the positive side “sine” pulse level
is the best based on the damping force and power
characteristics for control. Because, with this type
of control pulse, the curvilinear force characteristic
is smooth, without a jump, the damping hysteresis
zone is widened to the high-velocity region. In ad-
dition, according to the power supply criterion, this
type of control is energy saving one because the
average voltage is lower than in case of the control
with constant voltage.

However, when designing and manufacturing a
controller, a pulse modulator controlled by a "sine”
pulse coinciding with vehicle body oscillations
(phase and frequency) will be difficult when the
pavement excitations are random and unpredicta-
ble. That will increase the cost of the control sys-
tem, therefore, the study selects the damping con-
trol voltage as constant over time.

Simulation of suspension system with MR
damper. In the scope of the research, the paper
uses the 5 cm square pulse-shaped pavement im-
pact (see Fig.2) to examine the response of
the suspension system to the vibration of the ve-
hicle body under the effect of different MR shock
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absorber input voltage values. The study uses
the Dahl model coupled with the a quarter car sus-
pension model to evaluate the effectiveness of MR
shock absorbers arranged in the suspension system.
The evaluation criterions are the maximum vibra-
tion amplitude of the vehicle body and the oscilla-
tions quenching time [20]. The simulation strategy
is shown in Table 3, the simulation results are pre-
sented in Fig. 12 and 13.

Table 3
Simulation scheme of operation suspension system with
MR damper
ﬁttie\ff-: Input V(Eit;;ge Evaluation criteria
1 Square pulsating 0 Amplitude, body oscil-
2 road surface un- 1 lation frequency, oscil-
3 dulation 2 lations quenching time
300
—-—u=1(V)
| l—=u=2v
z 200
§ 100
=
g O
[=%
g _100" =
g
—200f
-300 ‘ ‘ ‘ ‘ ‘
-0.3 -0.2 0.1 0 0.1 0.2 0.3

Body oscillation velocity, m/s

Fig. 12. F4—z , characteristics on suspension

with MR dampers

According to the F;, — Z, graph, the damping

force also increases when the damper input voltage
increases. The damping force increases depending
on the piston rod's speed and the voltage applied
to the damper. The higher the voltage is, the small-
ler the oscillation amplitude of the vehicle body
and the smaller the oscillation time becomes.

The results of body oscillation are shown in
Fig. 13. The effect of suppressing the vibrations of
the vehicle's body when there is a control current
in the dampers is much higher than when there is
no control.

The maximum amplitude of oscillation of the
vehicle body when the voltage level is larger, the
greater the amplitude and damping time reduc-
tions. Specifically, in comparison with the passive
damper, when the voltage control level is 1 and 2V,
the reduction of maximum amplitude is 6.25
and 11.25 %, and the damping time reduction
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is 0.72 and 1.41s respectively. With a small
control voltage, the amplitude of the oscillation
is reduced, but the oscillation time is still ample.
The more the control current, the higher the ability
to extinguish the oscillation, both in amplitude and
time. It shows the vibration-suppressing efficiency
of the MR dampers in the car’s 1/4 suspension
model.

0.08F - = Passive
—-—u=1(V)
—u=2(V)
- Road profile |

o

[

X
;

g

<3

=
T

<o

(=]

s}
:

Body displacement, m

0 St
-0.02- \\/

05 10 15 20 25 30 35 40 45 50 55
Time, s

Fig. 13. Body displacement comparison

When no current is applied to the shock ab-
sorber, the damping force is not zero. The MR
shock absorber acts as a passive shock absorber
because the viscosity of the liquid is also the cause
of the damping effect when the damping is in the
off state.

CONCLUSION

The study presented the magnetorheological
damper model for determining the characteristics
of MR dampers. The damper test bend was built to
measure the force-velocity and the force-displa-
cement characteristics of the vehicle damper piston
and to verify the accuracy of the proposed model.
The correlation between the simulation result and
experiment data is greater than 0.92, which shows
a high level of proposed model reliability. This
verified model was used to develop the 1/4 semiac-
tive suspension car model for evaluation of the
vibration efficiency.

The study investigated the characteristics of
MR dampers under the effect of different control
signals, and the simulation results showed that the
MR damping control achieved the most optimal
efficiency using a “sine” control signal. The posi-
tive side has a control frequency that coincides
with the characteristics of the input oscillation.
However, it is challenging to design a control pulse
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generator in the form of a sine pulse whose fre-
quency coincides with the oscillation frequency of
the vehicle body. Therefore, in the study, the con-
trol signal type is selected as a constant voltage
form because it ensures both the working efficien-
cy of the dampers and the simplicity of the control
circuit design.

In addition, the study also focuses on simula-
ting the integrated model of a quarter car suspen-
sion system with MR dampers, simulating and in-
vestigating the efficiency of vibration suppression
controlled by the constant voltage. Specifically,
a quarter car has MR dampers with 1 and 2 V con-
trol voltage. The evaluation of the vibration sup-
pression efficiency through comparison of body
displacement shows the effectiveness of MR
dampers in suppressing vibrations of the suspen-
sion system. As the voltage level increases, the
maximum amplitude of the vehicle body's oscilla-
tion becomes greater, leading to a reduction in both
amplitude and damping time. Specifically, in com-
parison with the passive damper, when the voltage
control level is 1 and 2V, the reduction of ma-
ximum amplitude is 6.25 and 11.25 %, and the
damping time reduction is 0.72 and 1.41 s respec-
tively.

From the above results, the user can control the
damping force of the MR damper by varying the
input supply voltage or current to the magnetic
coil. It is necessary for algorithm research and
developing semi-active suspension control with
MR dampers.
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