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A car suspension is a set of mechanisms. It creates an elastic connection between
the undercarriage and the wheels of a motor vehicle. It adjusts the position of the body
while the car is moving. The car suspension also reduces the dynamic loads on the mo-
tor vehicle undercarriage and wheels. Dynamic loads are the cause of body vibrations.
They are formed when the car wheels meet into contact with the road surface. The dy-
namics of the motor vehicle movement largely depends on the vibration-protective
properties of the body suspension. It is the most important parameters of the motor vehi-
cle suspension when driving on uneven roads. Vibration-protective properties have a
significant impact on the operational properties of the motor vehicle. These include
smoothness, average speed, fuel efficiency, etc. To improve the vibration-protective
properties of the car suspension, its elastic and damping characteristics should change
depending on different conditions of the motor vehicle implementation. The article in-
vestigates the vibration-protective properties of the suspension with stepwise regulation
of inelastic resistance in the vibration cycle. The article presents a mathematical model
of a single-mass single-support oscillatory system with an adjustable damper. A theoret-
ical comparative analysis of vibration-protective properties of a single-mass single-
support suspension with unregulated and instantly adjustable damping in the oscillation
cycle is carried out. It was found that, in comparison with unregulated damping, its in-
stantaneous regulation in the oscillation cycle provides a low level and approximate
constancy of the vertical acceleration range of the sprung mass in the resonant oscilla-
tion zone, but causes an abrupt change in acceleration at the moments when the damping
is turned off when the suspension passes its middle position.

Keywords: car suspension, vibration-protective properties, single-mass single-
support suspension, unregulated, instantly adjustable damping

1. Introduction

In the works [1, 2] it is shown that in the single-mass model of the vehicle suspension (fig. 1) with
harmonic kinematic disturbance in the oscillation cycle, there are zones of ineffective shock absorber oper-
ation, in which the presence of a conventional unregulated shock absorber increases the kinetic energy of
the sprung mass, which reduces the vibration-protective properties of the suspension and increases the loss
of energy in it.

The authors of [1-20] proved that to maximize the reduction of vertical displacements of the sprung
mass, an instant (stepwise) shutdown of damping in ineffective zones is necessary, which, in contrast to
unregulated damping, allows obtaining a nonresonant amplitude-frequency characteristic (AFC) of vertical
displacements, which is characteristic only of active suspension systems. Such regulation of damping in
the oscillation cycle will further be called the optimal instantaneous regulation of damping (fig. 1).

Mathematically, the description of the dynamics of a single-mass oscillatory system (fig. 1b) with in-
stantaneous optimal damping control can be presented in the following form:
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mZ+uk(z—qg)+c(z—q)=0, 1)
where m — is the sprung mass; k — is the damping factor; ¢ — suspension stiffness; g — is the coordinate of
the disturbing effect; z— movement of the sprung mass; u — parameter for controlling the shock absorber
resistance:

|0 at z-(z-q)<0, )
1 at z-(z-g)>0.
Thus, the minimum amplitudes of displacement of the sprung mass is achieved with an instantaneous

deactivation of damping in the zones of ineffective operation of the shock absorber, and the minimum
minimorum is achieved provided that zero acceleration is achieved Z(t) =0 as a result of switching off the

damping (it is this condition that determines the optimal control of the damping during instantaneous

switching).

(W]

Fig. 1. Design diagrams of a single-mass single-support oscillatory system
with unregulated and adjustable dampers

Zero vertical acceleration of the sprung mass Z(t) =0 as a result of disabling damping, it is achieved at

k
2</mc
(for example, at the resonant frequency of the disturbance 1 = 1 relative attenuation coefficient v~ 0,92,

and at a resonant relative frequency 1 = 2 optimal maximum value of the relative attenuation coefficient
v ~0,49). Here v — relative attenuation coefficient; 1 = w/w, — forced vibration relative frequency, wo —

natural frequency of the sprung mass, o — frequency of forced vibrations of the sprung mass.
Thus, the optimal value of the shock absorber resistance when adjusting the damping in the vibration
cycle depends not only on the phase (amplitude and direction), but also on the vibration frequency.

2. Analysis of the results of theoretical studies of vibration-protective properties of a single-
mass single-support suspension with unregulated and instantly adjustable damping in the oscilla-
tion cycle

Fig. 2 shows oscillograms of the suspension at the resonant frequency 1 = 1 without damping regula-
tion at y = 0,35 and with optimal instantaneous damping control at v = 0,92.

Fig. 3 shows suspension operating diagrams with optimal instantaneous damping control at reso-
nance frequency 1=1 and y = 0,92 and at a resonant frequency 1=2 and y =0,49. From a compari-
son of the diagrams in fig. 3 and 1, it can be seen that the introduction of optimal damping control by the
vibration phase not only reduces the deformation and maximum suspension force, but also significantly
reduces the heat release determined by the area of the working diagram.

However, the optimal instantaneous damping control is accompanied by an abrupt change in accel-
eration when the damping is turned off (fig. 2b), which significantly disrupts the ride and causes jolts
and shocks in the suspension. In addition, the use of an unregulated shock absorber or the absence of a

a certain (optimal) value of the maximum damping level at a given disturbance frequency (1) =
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shock absorber makes it possible to obtain substantially lower amplitudes of vertical accelerations of the
sprung mass in a wide frequency range than when using the optimal instantaneous regulation.

Fig. 4 shows oscillograms of steady-state vibrations of the suspension with infinitesimal damping
and with optimal instantaneous damping control at the resonant frequency, from a comparison of which
it can be seen that the optimal instantaneous damping control at the resonant disturbance frequency in
comparison with an oscillatory system without a damper leads to a decrease in displacements, but causes
growth of accelerations.
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Fig. 2. Oscillograms of the suspension on the resonant 1 = 1. a — without regulation at gy = 0,35;
b — with optimal instantaneous damping control at g = 0,92;
1 - kinematic disturbance; 2 — absolute movement of the sprung mass; 3 — sprung acceleration;

4 —relative displacement of the sprung mass (suspension deformation A =2 —(Q); 5 - control parameter u

Fig. 5 shows the frequency response of the movements of the sprung mass on the suspension with-
out damping (curve 1), with constant damping (curve 2) and with optimal instantaneous damping control
(curve 3), as well as the phase-frequency characteristics (PFC) of the absolute oscillations of the sprung
mass (curve 4) , Phase-frequency characteristic of the magnitude of the section of operation of the oscil-
latory system with disabled damping (curve 5), dependence with optimal damping control (curve 6).
Here z, — is the amplitude of the absolute oscillations of the sprung mass, z, — is the amplitude of the kinemat-
ic disturbance.

BecTHuk KOYpIlY. Cepusa «MawmHocTpoeHue». 35
2022. T. 22, Ne 2. C. 33-41



PacyeT n KOHCTpynpoBaHue

/

"
a b

Fig. 3. Working diagrams of the suspension with the optimal instantaneous damping control
according to the algorithm (13): a—at 1 =1 and y =0,92; b —at 1 = 2and y =0,49
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Fig. 4. Oscillograms of the suspension at the resonant frequency 1 = 2: a — with infinitesimal damping;
b — with optimal instantaneous damping control at y = 0,49; 1 — kinematic disturbance;
2 — absolute movement of the sprung mass; 3 — sprung acceleration;

4 —relative displacement of the sprung mass (suspension deformation A=z2—qQ);
5 — control parameter U
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Fig. 5. Characteristics of a single-mass oscillatory system with harmonic kinematic disturbance:
1, 2 and 3 - frequency response of the displacements of the sprung mass on the suspension
without damping, with constant damping at ¢ = 0,35 and with optimal instantaneous damping
control according to the algorithm (13); 4 — Phase-frequency characteristic of absolute oscillations
of the sprung mass; 5 — Phase-frequency characteristic of the magnitude of the section of operation
of the oscillatory system with disabled damping; 6 — dependence (1) with optimal instantaneous

damping control
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Fig. 6. Frequency response of the sprung mass accelerations on the suspension:
1 - without damping; 2 — with constant damping at g = 0,35; 3 —with damping, variable according to the
dependence determined by curve 6 in Figure 8, but without instant cyclic regulation; 4 — with optimal in-
stantaneous damping regulation according to the algorithm (13)

Fig. 6 shows the frequency response of the acceleration of the sprung mass on the suspension without
damping (curve 1), with constant damping at v = 0,35 (curve 2), with frequency-controlled damping
without instantaneous cyclic control according to algorithm (13) (curve 3) and with optimal instantane-
ous regulation of damping in frequency and in the oscillation cycle (curve 4).

From the analysis of the graphs in fig. 5 and 6, it can be seen that in comparison with constant damp-
ing at y = 0,35 (curves 2 in fig. 5 and 6) with optimal instantaneous regulation of damping, the maxi-
mum values of displacement of the sprung mass (curve 3 in fig. 5) and its accelerations (curve 4 in
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fig. 6) are significantly reduced in the entire frequency range. When damping is regulated only by fre-
quency and there is no instant cyclic control of damping, the acceleration of the sprung mass becomes
slightly larger (up to 20 %) (curve 3 in fig. 6).

3. Conclusions

1. In comparison with constant damping, its instant (stepwise) regulation in the oscillation cycle
provides a low level and constancy of the vertical acceleration range of the sprung mass in the resonant
oscillation zone.

2. Optimal instantaneous (stepwise) control of damping in the oscillation cycle provides minimum
amplitudes of displacement of the sprung mass with a dynamic coefficient in resonance less than 1, but
causes a jump in acceleration at the moments of damping off when the suspension passes its middle po-
sition.
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BUBPO3ALUMTHLIE CBOMNCTBA NOOBECKU
NPU CTYNEHYATOM PETYNIMPOBAHUU HEYNPYIroro
CONMPOTUBIIEHUA B LUUKIE KOJIEBAHUUN

[U.M. Psiboe’| B.B. Hosukog', K.B. YepHbiwoe,
A.B. Mo3dees’, A.C. [lbsikoe?, T.B. Mony64uk’,
B.T. [Jbizano?, O.U. Yydakoe?®, P.A. 3akupoe®

'Bonzozpadckuti 2ocydapcmeeHHbIl mexHuyeckull yHusepcumem, 2. Bonzozpad, Poccust
2Mockosckutll 2ocydapcmeeHHbili mexHudeckull yHusepcumem um. H.3. BaymaHa, 2. Mockea,
Poccus

310xHO-Ypanbckuli 2ocydapcmeeHHbill yHusepcumem, 2. YensbuHck, Poccus

IomBecka aBTOMOOHIIA — 3TO COBOKYIHOCTh MEXaHH3MOB, CO3JIAIOLIUX YIPYTYIO CBSI3b Me-
KTy Hecylle cucteMoil u konecamu aprorpancnoptaoro cpencrsa (ATC). Ona perymupyer mo-
JIO)KEHUE Ky30Ba BO BpeMs IBIDKeHHs aBToMoOmis. [loaBecka Taxke obecreunBaeT yMeHbIIIe-
HHUE AMHAMUYECKHX Harpy3ok Ha Hecymyro cucreMy ATC u xoneca. J[uHamMuueckue Harpysk,
KOTOpBIE SIBJISFOTCS PUYMHON BO3HUKHOBEHUS KOJIeOaHUH Ky30Ba, ()OPMHUPYIOTCS IIPH KOHTAKTE
KOJIeC aBTOMOOWIIS ¢ HOPOXXKHBIM MOKpbITHeM. [luHamuka nerkenns ATC B Gonblieil creneHu
3aBHCHUT OT BUOPO3AIUTHBIX CBOMCTB IOJIBECKH Ky30Ba, KOTOpBIE SBJIAIOTCS HAaNOOIEe BaKHBIMH
mokazatersivu moaBecku ATC mpu IBMKEHUH IO HEPOBHBIM JoporaM. BuOpo3amuTHeie cBOH-
CTBa OKAa3bIBAIOT CYIIECTBEHHOE BIIMSHNE HA KCIUTyaTaloHHbIe cBoiicTBa ATC: muaBHOCTH X O-
Jia, CpenHssl CKOPOCTh ABWKEHHS, TOIIMBHAS SKOHOMUYHOCTh M Ap. s ymydmieHus: BuOposa-
LIUTHBIX CBOMCTB HOJBECKHU €€ YIPYrue U AeMIIGUPYIONHEe XapaKTepUCTHKU JOKHBI MEHSTHCS
B 3aBUCHMOCTH OT pa3iH4HbIX ycioBuil peamm3amm ATC. B cratee nccenyrorcss BUOpO3amuT-
HBIE CBOMCTBA TMOJIBECKH aBTOMOOWIISI IPH CTYNEHYATOM PEryJIHpPOBAHHH HEYIIPYTOTrO CONPOTHB-
JIeHWsI B IIWKJIE KoebaHuil. B craTtee mpuBeneHa maTreMaTndeckas MoJeiIb OTHOMAcCOBOM OfHO-
OITOPHON KOJIe0AaTeThbHON CHCTEMBI C perynmpyembiM nemidepom. IIpoBemeH TeopeTHdecKuit
CpaBHHUTEIHHBIN aHaJIH3 BUOPO3AIUTHRIX CBOWCTB OJJHOMACCOBOW OIHOOIIOPHOM TOABECKH C HE-
pETynMpyeMbIM ¥ MTHOBEHHO PETYIMPYEMBIM B IMKJIE KojeOaHuil nemMmndupoBaHueM. Y CTaHOB-
JICHO, YTO TI0 CPAaBHEHMIO C HEPErYIHUPYEMBIM JIeMII()UPOBAHIEM €0 MTHOBEHHOE PETyIHpOBa-
HHUE B IUKJIIE KOieOaHui obecrieunBaeT HU3KHH ypOBEHb M NMPHMEPHOE ITOCTOSHCTBO pa3MaxoB
BEPTHKAJIBHBIX YCKOPEHUH MOIPECCOPEHHOW MACCH B 3apPE30HAHCHON 30HE KoJeOaHMiA, HO BHI-
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