KpaTkue coobLieHus

DOI: 10.14529/engin220307

VIBRATION-PROTECTIVE PROPERTIES
OF THE SUSPENSION WITH SMOOTH REGULATION
OF INELASTIC RESISTANCE IN THE VIBRATION CYCLE

V.V. Novikov?, K.V. Chernyshov', A.V. Pozdeev?,
A.S. Diakov?, T.V. Golubchik? V.G. Dygalo?,
O.l. Chudakov?, R.A. Zakirov®, D.A. Podoshvin®

Volgograd State Technical University, Volgograd, Russian Federation

?Bauman Moscow State Technical University, Moscow, Russian Federation
®South Ural State University, Chelyabinsk, Russian Federation

*Federal State Unitary Enterprise Dukhov Automatics Research Institute, Moscow,
Russian Federation

Any mechanical vehicle is equipped with a special device to ensure a constant connection
between the wheel system and the supporting system. This device is the vehicle's suspension.
The suspension of a motor vehicle performs important functions in the operation of the vehicle.
The main ones are: mitigating the physical impact on the vehicle. Also, ensuring the accuracy of
the steering, which in turn allows you to maintain the desired direction of the wheels. Another
important function that the vehicle suspension performs is to stabilize the vehicle while driving,
limiting roll. The quality of suspension performance of the above mentioned functions is greatly
influenced by its vibration protection properties. Vehicle suspension vibration protection proper-
ties are characterized by its elastic and damping components. In order to improve the vibration
protection properties, these characteristics must vary according to different vehicle operating
conditions. Because of the complex dynamic effects on the vehicle suspension, it is necessary to
investigate and develop new methods of forming dynamic load models under different types of
road influences. The article presents a mathematical model of a single-mass single-support oscil-
latory system with two algorithms for smooth regulation of damping in the oscillation cycle. A
theoretical comparative analysis of the vibration-protective properties of a single-mass single-
support suspension with an adjustable shock absorber is carried out. It has been established that a
smooth decrease in resistance in the region of the middle position of the suspension makes it pos-
sible to reduce the resonant vibration frequency by more than 2 times in comparison with an un-
regulated shock absorber and to reduce the range of vertical accelerations of the sprung mass in
the resonance zone by 25 % in comparison with the suspension with optimal instantaneous damp-
ing control.

Keywords: vehicle suspension, vibration-protective properties, mathematical model, single-
mass single-support suspensio, adjustable shock absorber, continuously adjustable damping.

Introduction

A number of works with the participation of the authors of this article [1-20] are devoted to the study
of vibration-protective properties of single-mass and two-mass oscillatory systems with instantaneous reg-
ulation of damping in the oscillation cycle and the development of designs of adjustable shock absorbers.

These studies have shown that with optimal instantaneous control, damping is always turned off when
the suspension passes its static position, and turned on when the moment of maximum compression or ex-
tension of the suspension is reached. Such an algorithm for damping control in the oscillation cycle pro-
vides a significant decrease in the amplitudes of vertical displacements of the sprung mass, and, conse-
quently, heat generation in the shock absorbers. However, in this case, a decrease in the amplitudes of ver-
tical accelerations occurs in a narrow range of resonant frequencies of vibrations of the sprung mass. In
addition, the use of the optimal instantaneous regulation of damping in both dual-mass and single-mass
oscillatory systems sets a complex (abrupt) nature of the change in the vertical accelerations of the sprung
mass, which is associated with a sharp deactivation of damping in the middle (static) position, which does
not contribute to an increase in the smoothness of the vehicle [14, 16].
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In order to eliminate jumps in vertical accelerations and reduce their maximum values, the authors of
the article proposed an instant (smooth) decrease in the shock absorber resistance in the zone of static posi-
tion. Below is a theoretical analysis of the vibration-protective properties of a single-mass single-support
suspension with two algorithms for smooth regulation of damping in the oscillation cycle considered be-
low (Fig. 1). The mathematical model of this oscillatory system is written by the following differential
equation:

mZ+uk(z—qg)+c(z—q)=0, Q)
where m — sprung mass; k — damping factor; ¢ — suspension stiffness; q — coordinate of the disturbing
effect; z — movement of the sprung mass; u — parameter for controlling the shock absorber resistance.

Fig. 1. Design diagram of a single-mass single-support
oscillatory system with an adjustable damper

In both algorithms, damping is activated almost instantly when the direction of movement of the
shock absorber piston is changed. However, the speed of compression or expansion of the shock absorb-
er in this case increases smoothly from zero, which does not cause a sharp increase in the resistance
force, and hence the acceleration of the sprung mass.

In the first algorithm, the inelastic resistance decreases linearly when approaching the neutral (stat-
ic) position of the piston by an amount A; and is reset to zero when a static position is reached, which
can be described by the following expression for the shock absorber resistance control parameter u:

0 at (z-q9)-(z-q)>0,
Z —
o)zl
1
1 at (z-4)-(z—q)<0u |z—q|>A,.
In the second algorithm, the resistance decreases linearly with distance from the neutral (static) po-

sition of the piston and is reset to zero when the piston distance is reached A,, which can be described by
the following expression for the shock absorber resistance control parameter u:

at (2—-q)-(z-q)<0 u |z—q|<A,, 2)

0 at (2—-¢)-(z—q)>0 u [z—q|>A,,
u= 1—|ZA_—q| at (2—-¢)-(z—q)>0 u [z—0q|<A,, (3)
2
1 at (z—q)-(z—q)<0.

1. Analysis of the results of theoretical studies of vibration-protective properties of a single-
mass single-support suspension with smooth regulation of damping in the vibration cycle

Fig. 2 shows oscillograms of a single-mass oscillatory system with damping control according to
algorithm (2), and Fig. 3 shows the corresponding operating diagrams of the suspension with non-
instantaneous switching off of damping at a resonance frequency 1=1 and y = 0,92 and at a resonant
frequency 1=2 and y = 0,49. Here vy — relative attenuation coefficient; 1 = w/m, — forced vibration rela-
tive frequency, wo — natural frequency of sprung mass, o — frequency of forced vibrations of the sprung
mass.
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Fig. 2. Oscillograms of the suspension with damping control according to the algorithm (2):
a—ati=1andy=0,92; b—ati1=2and gy =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=2—-Q);

5 — control parameter u
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Fig. 3. Working diagrams of the suspension with damping regulation according
to the algorithm (2): a—at1i=1and g =0,92; b—ati=2and gy =0,49; A=z -

From the analysis of the oscillograms of the vertical accelerations of the sprung mass with non-
instantaneous switching off of damping (Fig. 2, curves 3), it can be seen that the accelerations have no
discontinuities, and their ranges in comparison with the optimal instantaneous regulation [16] are re-
duced by about 25 %. From the analysis of the working diagrams in Fig. 3, it can be seen that the heat
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release in the shock absorber, determined by the area of the “butterfly” loop, increases insignificantly
with an increase in frequency by 2 times.

Fig. 4 shows oscillograms of the suspension with damping control according to algorithm (3), and
Fig. 5 shows the corresponding operating diagrams of the suspension with non-instantaneous damping
control at the resonance frequency 1=1 and y = 0,92 and at a resonant frequency 1 =2 and y = 0,49.
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Fig. 4. Oscillograms of the suspension with damping control according to the algorithm (3):
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a—ati=1andy=0,92; b—ati1=2and gy =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=2—(Q);

5 — control parameter u
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Fig. 5. Working diagrams of the suspension with damping regulation according
to the algorithm (3): a—at1=1andy =0,92;b—-at1=2and g =0,49; A=2—(
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Fig. 6 shows the frequency response of displacements and accelerations of the sprung mass on the
suspension with damping control according to algorithms (2) and (3).
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Fig. 6. Frequency response of displacements and accelerations of the sprung mass
on the suspension: a) and b) —with damping regulation according to algorithms (2) and (3);
1 and 2 — absolute displacements and accelerations of the sprung mass;
3 —relative displacement of the sprung mass;
Zo —the amplitude of the absolute oscillations of the sprung mass,
(o — kinematic disturbance amplitude

From the analysis of the graphs in Fig. 6 it can be seen that both algorithms for regulating the re-
sistance in the oscillation cycle provide a 2-fold reduction in the natural frequency of the suspension and
obtain practically non-resonant frequency response of the absolute and relative displacements of the
sprung mass with a dynamic coefficient close to or even less than 1, as well as stabilization of the accel-
eration of the sprung masses in the zone outside the zone. At the same time, the minimum values of ac-
celerations and absolute displacements of the sprung mass in almost the entire frequency range provide
non-instantaneous resistance control according to algorithm (2) (curves 2 and 3 in Fig. 6a), and the min-
imum relative displacements in the low-frequency oscillation zone (before 1 = 3) — algorithm (3) (curve
3 in Fig. 6b).

In conclusion, it should be noted that the optimal characteristics of suspension systems with smooth
regulation of damping in the oscillation cycle in the entire frequency range are achieved when the maxi-
mum inelastic resistance changes according to the same law for all both cases (1), close to hyperbole [6].
In comparison with an unregulated shock absorber, the proposed algorithms for smooth cyclic damping
control provide a significant reduction in the vibrations of the sprung mass in the entire frequency range.
Therefore, it is necessary to search for simple structures that implement non-instantaneous regulation of
the inelastic resistance of the suspension in the vibration cycle.

2. Conclusions

1. A smooth decrease in damping in the area of the middle position of the suspension when adjust-
ing the damping according to algorithms (2) and (3) allows to reduce the resonance frequency by 2 times
in comparison with an unregulated suspension and to reduce the vertical acceleration of the sprung mass
by 25 % in comparison with the suspension with optimal instantaneous damping regulation.

2. The minimum values of accelerations and absolute displacements of the sprung mass practically
in the entire frequency range provides smooth control of the resistance according to the algorithm (2).

3. Minimum relative displacements in the low-frequency vibration zone (up to 1 = 3) provides
smooth regulation of resistance according to the algorithm (3).
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BUBEPO3ALLMTHLIE CBOMCTBA NOABECKU
NPU NIIABHOM PETYJIMPOBAHWUW HEYINPYIOro
CONMPOTUBIEHUA B LUUKIE KOJIEBAHUU

B.B. Hosukog’, K.B. YepHbiwose', A.B. Mo3dees’,
A.C. [Ibsikoe®, T.B. Mony64uk’, B.I". Jbi2ano’,
O.U. Yydakoe?, P.A. 3akupoe®, [].A. ModoweuH*

'Bonzozpadckuti 20cydapcmeeHHbIl mexHuYeckul yHusepcumem, 2. Bonzoepad, Poccusi
“Mockosckuti 2ocydapcmeeHHbili mexHu4eckull yHusepcumem um. H.9. baymaHa,

2. Mockea, Poccusi

310xHO-Ypanbckuli 2ocydapcmeeHHbill yHusepcumem, 2. YensbuHck, Poccust
*®edepansHoe 2ocydapcmeeHHoe yHumapHoe npednpusmue «Bcepoccutickuli
Hay4Ho-uccrnedosamernbCKuli UHCmumym asmomamuku umeHu H.J1. [Jyxoea»,

2. Mockea, Poccusi

Jlroboe MexaHndeckoe aBTOTpaHcIoTHOE cpeacTBO (ATC) ocHameHO CHEUUANbHBIM YCT-
po¥cTBOM st o0ecTieueH sl IOCTOSIHHOW CBSI3M MEXAY KOJIIECHOW M HECyIleH CUCTEMOl. DTHM
yCTpoiicTBOM sBisieTcs noaBecka aBToMoOms. [logBecka ATC BINOMHAST BaXKHBIC (YHKLIUH
IPH SKCIUTyaTaluy aBTOMOOWIA. OCHOBHBIMU M3 HHX SIBISIOTCS: CMArYeHHE (U3NYECKOro BO3-
neiicteus Ha ATC; obecrieueHne TOYHOCTU PYJIEBOIO YIPABJIEHHUS, YTO, B CBOIO OYepellb, I03BO-
JISIeT COXPAHUTh HY)KHOE HampasieHue koinec. Eie ofHol BaxkHOW (yHKIIMEH, KOTOPYIO BBIIOJI-
HSeT MoJBecKa aBTOMOOWI, siBisiercs crabummsanuss ATC Bo BpeMsl IBIKEHHS, OTpaHUYCHUE
KpeHa. Ha xauecTBO BBIIIOMHEHHS BBIIICNIEPEUUCICHHBIX (QYHKIHMH TOJBECKH OKa3bIBAIOT CYIIle-
CTBEHHOE BJIMSHHE €€ BUOpO3aIUTHBIE CBoiicTBa. BuOpo3zammutHble cBoiicTBa moasecku ATC
XapaKTEePU3YIOTCS ee yIPYruMH U AeMI(UPYIOIIUMH COCTaBISIIOIMMHE. 1S ymydIieHus BUOpo-
3aIUTHBIX CBOWCTB JaHHbIE XapaKTEPHUCTUKU JODKHBI MEHSTHCSI B 3aBUCHMOCTH OT Pa3IUYHBIX
YCIIOBHH 3KCILTyaTanuy aBToMooOmis. 1o mpudmHe CloKHOTO NUHAMHYECKOTO BO3ACHCTBHSA Ha
moasecky ATC HeoOXoamMMo uccienoBaTh U pa3padaThiBaTh HOBBIE METOIBI (POPMHUPOBAHUS [TH-
HaMHUYECKUX MOJEJEN HAarpy3Ku MpHU PA3IMYHOM XapaKTepe IOPOKHBIX BO3JeHCTBUIL. B crathe
MIPUBEICHBI MAaTEeMaTHYECKasi MOAEIb OJHOMACCOBOH OHOOMOPHON KOJIEeOaTENbHON CHCTEMBI C
JBYMsI aJITOPUTMAMU IIABHOIO PEryIHpOBaHMs AeMI(upoBaHus B nukie Koiaeodanuil. [IpoBenen
TEOPETUIECKHUI CPABHUTENFHBIN aHAIN3 BHOPO3AIIUTHEIX CBOMCTB OHOMACCOBOI OJHOOIIOPHOM
TIOABECKU C PETYIMPYEMbIM aMOPTHU3aTOPOM. Y CTAHOBJIEHO, YTO IUIABHOE yYMEHBIIEHHE COIPO-
TUBJICHHS B 00JIACTU CPEIHETO MOIOKEHNS TOABECKH TTO3BOJISIET CHU3UTh PE30HAHCHYIO YacTOTy
KoneOaHuii Ooee yeM B 2 pa3a 1o CPaBHEHHUIO C HEPETYIHPYyEeMO aMOPTA3aTOPOM M YMEHBIIIUTh
pa3Maxy BEPTHUKAJIBHBIX YCKOPEHUH MOAPECCOPEHHOM Macchl B 3apEe30HAHCHOM 30HE Ha 25 % 1o
CPaBHEHHIO C MTOJIBECKOH MPU ONTUMAILHOM MTHOBEHHOM PETyIHPOBaHUH AeMII(HPOBAHNS.

KnroueBble cjioBa: mojBecka aBTOMOOWIIS, BHOPO3AIIUTHBIE CBOWCTBA, MaTeMaTHYeCKas
MOJIETTb, OMHOMACCOBAsI OTHOOIIOPHAS MOABECKA, PETryIHPYEMbIH aMOPTH3aTOp, MIIABHOE PETyITH-
poBaHue nemripupoBaHUsL.
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