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ABSTRACT

BACKGROUND: The processes taking place in the ‘traction electric drive — wheel — road’ system during acceleration and braking
cause increased dynamic loads on drive components, which may lead to a breakdown. Therefore, it is important to control
the drive in a way to minimize and to suppress the given processes. To make it possible, the control system is to be equipped
with a resistance torque observer at the electric motor shaft. In addition, in any system, there is a heighten interest in study
of arise of resonances, which come with abrupt increase of oscillations amplitudes. Therefore, the features of oscillation
phenomena in the given non-linear system are to be studied.

AIM: Identification of the peculiarities of oscillatory processes, resonance phenomena in the systems of electromechanical
drive of vehicles, which are nonlinear technical systems.

METHODS: The study of features of the oscillating processes and the study of capabilities of arise of resonant phenomena were
conducted using analysis of the differential equations system describing the operation of the non-linear system.

RESULTS: The features of the oscillating phenomena in non-linear systems of interaction between an elastic wheel and road
as well as capabilities of arise of resonant phenomena were considered. It is defined that arise of the resonant phenomena
in the considered systems is not possible due to breakdown of them. The behavior of modes of interaction between an elastic
wheel and road during intensive acceleration and braking was analyzed. The abrupt shock behavior of change rate of wheel
torque and current consumed by a drive as well as features of lowering of them when using the self-oscillating phenomena
suppression were found.

CONCLUSION: The practical value of the study lies in ability of using the proposed conclusions at development of units
of a traction electric drive and at synthesis of vehicle motion control systems.
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ODVII'VIHaJ'IbHOG nccneaposaHme

UccnepoBaHue BbIHYXXAEHHbIX KosiebaHUH
B HeJIUHEUHOU cUCTeMe MHAMUBUAYANIbHOIO
TArOBOro 3/IeKTPONpMBOAa

A.B. Knumog'-2

! MHHoBaumoHHbIi LeHTp «KAMA3», Mocksa, Poccuitckas Qenepaums;
2 MocKOBCKUI MOMMTEXHUYECKNI yHuBepcuTeT, MockBa, Poccuiickas ®enepaums

AHHOTALIMA

060cHoBaHue. [lpouecchl, NPOXOAALIME B CUCTEME TAMOBbIA 3NEKTPOMEXAHWMYECKMIA NPUBOJL-KONECO-A0pora npu pasroHe/
TOPMOEHWUM, BbI3bIBAIOT NOBbILLEHHbIE AMHAMUYECKUE HArpy3KW Ha 3NeMeHTbl NPUBOLA, YTO MOXET MPUBECTU K BbIXOAY
ux u3 ctpos. KonebaHus BO3HMKAIOT M3-3a U3MEHEHWS CKOPOCTHOMO PEXKMUMA ABUMEHWSA TPAHCMOPTHOIO CPEACTBA, CLEMHbIX
CBOWCTB OMOPHOr0 OCHOBaHMs, €ro HePOBHOCTEN, XapPaKTEPUCTUK 3MIaCTUYHBIX LWUH U COMPOBOKAAKTCSH U3MEHEHUAMM YIo-
BbIX CKOPOCTEM, KpYTALUMX MOMEHTOB, MPOAOJIbHbIX, MONePeYHbIX, HOpManbHbIX Cuil. [T0BbILIEHHBIA MHTEPEC B 0bbIX cucTe-
Max, paboTa KOTOPbIX ABAAETCA CNOMHBIM, CNyYaiHbIM, KonebaTesbHbIM NPOLEeCCcoM, Bbi3bIBAaeT U3yYyeHUe BO3HUKHOBEHMS
PE30HAHCHbIX SBNEHWIA, CONPOBOXAAEMbIE PE3KUM YBENMYEHUEM aMnnTy ., KonebaHuii. MoaToMy HeobxoamMo uccnenoBaTh
0c06eHHOCTM KonebaTeNbHbIX SBMIEHWH, YCII0BUM BO3HUKHOBEHMS PE30HAHCOB B AaHHbLIX HENIMHEWHbIX CUCTEMaX Ans nocre-
LYIOLLEro onpeneneHns MetTogoB bopbbbl ¢ HUMM.

Lenb paboTbl — BbifiBlEHMEe 0COBEHHOCTEN NpOTEKaHUs KosebaTesbHbIX NPOLECCOB, BO3HUKHOBEHUS PE30HAHCHBIX SBNe-
HWW B CMCTEMAaX 3MEKTPOMEXaHMYECKOro MPMBOAA TPAHCMOPTHLIX CPEACTB, NPeACTaBNALMX CO00/ HeNMHEHHbIE TeXHNYe-
CKME CUCTEMBL.

Matepuanbl u MeToAbl. MccrenoBaHne AMHAMUKW ABUMXKEHWSA BeAyLIMX KONEC MalUMHbI HA MPeAMeT 0COOEHHOCTEl Kone-
DaTenbHbIX NPOLLECCOB M BO3MOMKHOCTU BO3HUKHOBEHUSA Pe30HaHCa NpoBefeHO METOAAMMU SKCMepPUMEHTANbHBIX UCCe0Ba-
HWW NPOLLECCOB Pa3roHa v TOPMOXKEHWA TPAHCMOPTHOrO cpefcTBa. MccnenoBaHue ocobeHHOCTel KonebaTesbHbIX NPOLLEeCCoB.
N3yyeHne BO3MOXHOCTEN 3apOXAEHUS PE30HAHCHBIX ABNIEHMIA NpyU paboTe cUCTEM MaLUMHbI B Jl0ObLIX YCNOBUAX (OT/IMYHBIX
OT TeX, KOTopble NpUBEAEHbI B NpeablayLLEM pa3fene) NpoBeeHo C NOMOLLBI0 MaTeMaTUYecKoro aHanu3a cucteM andde-
PEHUMANbHBIX YPaBHEHWHA, ONMCLIBAIOWMX (DYHKLIMOHUPOBAHME HESIMHENHOW CUCTEM.

Pe3ynbtatbl. B cucTeMe 3neKTpOMEXaHUYECKOro NPUBOAA BeAYLUMX KOMIEC TPAHCMOPTHOTO CPeACTBa MpuU ABUMKEHUN UMEIT
MecTo bbITb KonebaTesbHble MPOLECCH MO KPYTALMM MOMeHTaM. [10CKONbKY laHHas cucTeMa SIBNIAETCS HENMHEMHON, TO AIPKO
BbIPaXKEHHBIX PE30HAHCHBIX SIBMIEHWUN C HEKOHTPOJIMPYEMbIM POCTOM aMMIUTYA BNOTL 40 DECKOHEUYHOCTV B Hell HabmoaaThb-
cA He MoxeT. HabnopaeTca cpbiB pe3oHaHca, KOTOPLIA MOXET COMPOBOMAATLCA KaK YMEHbLUEHWEM aMNnTyA, KonebaHui
MPY POCTE MX YACTOT B C/Ty4ae Pas3roHa MalLMHbI, TaK WU YBENIMYEHUM NPYU YMEHBLLIEHNM YacTOT B C/ly4ae 3aMeIeHNs MalLMHI.
BbisIBNEH pe3Kkuil yaapHbIi XapaKTep CKOPOCTU M3MeHEHUS KpyTALLLEro MOMEeHTa Ha Kojlece, TOKa, NoTPebifaemMoro npuBoAOM,
a TaKe 0COBEHHOCTM WX CHKEHUA MPU NPUMEHEHUM NoAaBneHus aBTokonebaTenbHbIX ABNeHuid. B pabote paccmoTpeHb
0CO0EHHOCTM KonebaTeNbHbIX ABNEHUIA B HEJIMHENHBIX CUCTEMAX B3aUMOJEeNUCTBIS

3aknoueHue. MpaKTnyecKas LeHHOCTb UCCNeA0BaHMA 3aKITI0HAeTCA B BO3MOMXKHOCTY UCMO/b30BaHUS NP0 KEHHbIX BbIBO-
[0B NpW pa3paboTKe arperaToB TArOBOrO 3/IEKTPOMEXAHUYECKOr0 NPMBOA W MPU CUHTE3€ CUCTEM YMPaBNieHUs ABUKEHNEM
TPaHCMOPTHbIX CPEACTB.

Kniouesble cnoBa: konebaHus; pe30HaHC; OKOI0PE30HAHCHbIN PEUM; CPbIB Pe30HAHCa; TArOBbIN 3IEKTPOMEXaHNYeCKMUIA
npueoa,.
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INTRODUCTION. PURPOSE.
MATERIALS AND METHODS

The global adoption of traction electric vehicles on the
road is gradually increasing in various indus-tries. These
vehicles utilize traction electric motors, which vary in
design, as the power source for wheel drives [1]. Modern
electric motors operate across a wide speed range,
with rapid frequency changes occurring during vehicle
acceleration [2]. During electrodynamic regenerative
braking, the torque can reverse, which is a crucial aspect
of their operation. The dynamics of the traction electric
drive and its transmission control are highly complex
and exhibit oscillatory behavior. Understand-ing these
phenomena is essential, as they can lead to resonant and
self-oscillatory conditions [3-6], increasing the dynamic
load on system elements owing to rising oscillation
amplitudes and potential-ly causing failures. Therefore,
examining the conditions and causes of these oscillations
is very im-portant for developing methods to manage
them effectively.

In the traction electromechanical drive-wheel-road
system, acceleration and braking cause in-creased
dynamic loads that can jeopardize drive elements.
Oscillations stem from changes in vehicle speed, traction
properties of the supporting base, its unevenness, and the
elastic characteristics of tires, affecting angular velocities,
torques, and longitudinal, transverse, and normal
forces. Investi-gating resonance phenomena, which can
significantly amplify oscillations, is crucial in systems
where operations are inherently complex, random, and
oscillatory.

Therefore, this study aims to investigate the features
of oscillatory phenomena and the conditions under which

Fig. 1. Kistler-Rim RoaDyn strain gauge wheels.
Puc. 1. TensoMetpuyeckue Konéca Kistler-Rim RoaDyn.
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resonances occur in these nonlinear systems to devise
effective methods to combat them.

Experimental investigation of oscillatory
processes in the electromechanical wheel
drive system during the frictional interaction
of an elastic tire with a solid support base

When the oscillation frequency matches the system’s
natural frequency, resonance occurs, leading to increased
oscillation amplitudes and heightened dynamic loads
on system elements. The latter leads to their failure.
The dynamics of a vehicle’s driving wheels during
acceleration and braking have been experimentally
studied to understand oscillatory processes and potential
resonances.

During intense acceleration and braking, vehicles may
experience self-oscillations that do not damp out [7-9].
Self-oscillations can continue without external influence
and can increase oscillation am-plitude. A torque graph
for a vehicle with a specific traction electric drive during
intensive accelera-tion [10] on a low-friction surface (like
wet basalt) captured using Kistler—Rim RoaDyn strain
gauge wheels (Fig. 1), is shown in Fig. 2.

The torque graph demonstrates the origin of oscillations
owing to rapid torque changes and indicates a torque sign
change when the traction control system is activated,
causing gear teeth to shift at high speeds.

During intensive braking of the vehicle [10], oscillatory
phenomena may also occur [11]. A torque graph, depicted
in Fig. 3, illustrates the relationship between torques
on the driving wheel of a vehi-cle equipped with a specific
traction electric drive during intensive braking on a low-
friction surface (wet basalt).
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The torque graph reveals the origin of oscillatory
processes characterized by rapid torque changes. Similarly,
to acceleration, the operation of the anti-lock braking
system results in a torque sign reversal, leading to the
same phenomena as those observed during acceleration.

The processes depicted in Figs. 3 and 4 increase
dynamic loads on drive elements, potentially leading
to their failure, though no resonant phenomena are
observed. Therefore, it is important to control the drive
to minimize these effects [12]. This requires a control
system equipped with a resistive torque observer
on the electric motor shaft [13].

The origin of self-oscillating processes in the drive
can elevate dynamic loads on components to the point of
failure. Table 1 displays the rate of torque changes on the
wheel and the direct current consumed by the wheel drive
during intensive acceleration (Fig. 2) and braking (Fig. 3)
tests [10] on a low-friction surface (Figs. 2, 3). These
current values were recorded using the Vector VN1630A
adapter and a computer (Fig. 4) from the vehicle's CAN bus.
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From data in Table 1, we observe a high rate of
torque change, indicating shock effects in the drive’s
mechanical parts and high dynamic loads. Current
fluctuations increase the load on the current source,
the traction battery, affecting its lifespan. Therefore,
understanding the origin of self-oscillatory phenomena
is vital to reducing increased dynamic effects. For these
purposes, it is possible to apply the approach proposed
in [12].

Notably, the rapid changes in consumed current
and the oscillatory nature of the process highlight
the influence of variable current components
on the vehicle's energy storage system. Figure 5 shows
the torque and current consumption for intensive twofold
acceleration of a similar vehicle on a low-friction road.

The feature of the electric drive’s direct torque control
aids in suppressing oscillatory processes. Reducing
self-oscillations in the contact zone of the wheel [12]
with the road positively affects current consumption and
torque fluctuations on the wheel.

8000

6000 -

4000 -

2000

M,, nm
v, KM/Y

-2000 -

-4000

-6000 -

-8000
0

8000 -

6000 -

v, KM/Y

Fig. 2. Torque at traction wheels at abrupt intensive acceleration when both left and right side are on wet basalt road: @) ride 1; b) ride 2;

¢) ride 3.

Puc. 2. KPYTHLLI,VIE MOMEHTbI Ha BeAyLLNnX Konécax NPpU pe3KOM UHTEHCMBHOM pa3roHe U HaxoxAeHUu NpaBoro n nesoro 60pTa Ha MOKpoM

6asanbre: a) 1 3ae3n; b) 2 3ae3p; ¢) 3 3ae3n.
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v, KM/Y

Fig. 3. Torque at traction wheels at abrupt intensive braking when both left and right side are on wet basalt road: a) ride 1; b) ride 2;

¢) ride 3.

Puc. 3. Kpytaiume MOMeHTbI Ha BeAyLLMX KONECaX NpW 3KCTPEHHOM TOPMOXKEHUW NMPK HaXOXAEHUM NPaBoro 1 NieBoro 6opta Ha MOKPOM

6a3anbre: a) 1 3ae3n; b) 2 3ae3f; ¢) 3 3ae3n.

Fig. 4. Equipment for data recording: a) Vector VN1630A; b) Computer.

Puc. 4. 06opynoBaHve ons dukcaumm aanHeix: a) Vector VN1630A; b) 3BM.
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Ta6nuua 1. BennunHa KpyTaLLero MOMeHTa Ha Kosece 1 NoTpedsieMoro Toka NpUBOLOM

Table 1. Values of wheel torque and current consumed by the drive

Parameters ride 1 ride 2 ride 3

Intensive acceleration (Fig. 1)

Rate of change of the torque, Nm/s Left side drive 3,85*108 3,85*10¢ 2,75%108
Right side drive 5,92*10¢ 3,85*106 3,75*10¢

Rate of change of current, A/s Left side drive 3,20%10° 4,85%108 2,06*10°
Right side drive 3,69*10° 6,31*10¢ 2,26*10°

Intensive braking (Fig. 2)

Rate of change of the torque, Nm/s Left side drive 1,20%107 1,17%107 6,01*10¢
Right side drive 8,35*10¢ 9,31*106 3,01*10¢

Rate of change of current, A/s Left side drive 2,05*10° 3,16*108 2,45%10°
Right side drive 2,50*10° 3,72*106 2,96*10°

Analytical study of oscillatory processes

in the electromechanical wheel drive system
during the frictional interaction of an elastic tire
with a solid support base

The study of resonance and near-resonance
phenomena in complex systems is crucial because these
phenomena can cause a sharp increase in oscillatory
amplitudes, leading to elevated dynamic loads on drive
units, reduced durability, and potential destruction.

Investigating the features of oscillatory processes
and the potential for resonant phenomena during vehicle
system operations, beyond previously discussed scenarios,
involves using a mathematical analysis of nonlinear
systems.

The frictional interaction between an elastic tire
and a support base in the general formulation is
typically described by a system of nonlinear differential
equations with six degrees of freedom, making
analytical solutions challenging. To better understand the

M. Hm
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nature of the interaction and determine the possibility
for resonant or self-oscillating phenomena, a simplified
model with three degrees of freedom can be used.

Studying the dynamics of friction systems through
the lens of nonlinear differential equations reveals that
analyzing frictional self-oscillations in complex systems,
especially those with several degrees of freedom, is often
an analytically intractable problem. In this regard, it is
reasonable to start by studying frictional self-oscillations
in a system with three degrees of freedom [3-10].
Figure 6 shows the calculation scheme for the frictional
interaction between the elastic tire and the road, as well
as the effects on the vehicle’s sprung part and the wheel
drive’s electric motor [3-10].

Using theorems on the conservation of the
momentum and angular momentum for the system
under consideration (Fig. 6), describing tire-road
interactions, allows forming systems of differential
equations applicable to both traction and driven rolling
modes of the wheel:

LA
200
150
100
50
0 —
10 20 Y, 40 50 60

-50

Ec
IZ' — Inpas Ines

Fig. 5. Curves of wheel torque (a) and current consumed by the drive (b).
Puc. 5. 3HaueHue KpyTaLLero MoMeHTa Ha Konece (a) v Toka, notpebnsieMoro npusogoM (b).
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(bm :JL[_Cm ((pm _(px)+Mt:|'
m
where J, and J, denote the axial moments of inertia.
The first term represents the moment of inertial
of the wheel, while the second one the moment
of inertial of the transmission, as referenced to the rotor
of the traction motor. Both are measured relative to their
rotational axes.
Using the conservation theorems for momentum
and angular momentum, we can derive the following
differential equations for the braking mode:

X =W
. c
v, M(_xl +x2),
X, =V,

1
v, =;(—F+cx1 —cx,);
b= 0,

z_[_c

(Pm = ('Om;

w— Q)+ Fro— M, |;

(bm :i[cm ((Pm _(px)_Mt]'

where M is the braking torque developed by the wheel
brake mechanism.

The motion of the nonlinear system shown in Fig. 6
and described by differential equations (1) or (2) in general
form can be represented as follows:

O+ (e, 0)+ f(9)=0(), @3)

where ¢ is the generalized coordinate (referring
to the rotation angle of the shaft); f(o), 4(o,0),
and Q(¢) represent conservative forces (which are
restoring or potential forces whose operation does not
depend on the motion trajectory), dissipative forces
(which are damping forces that reduce the total energy

DAl https://doi.org/10
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Fig. 6. The analytical model of interaction of an elastic wheel
with solid ground surface: 7 — the vehicle sprung mass M given
to a wheel; 2 — the wheel mass m; 3 — rollers; 4 — a spring
showing longitudinal compliance of a tire; 5 — a ground surface;
6 — a rolling wheel; 7 — a traction electric motor; ¢ — spring
stiffness; x;, x, — longitudinal displacements of masses 1 and 2;
F(VM) — friction force dependent on slip rate 7, of the
wheel relatively to the ground surface; ®, — wheel rotation
velocity; r, — distance between the wheel center and the ground
surface; M, — traction or braking torque of the traction electric
drive; ¢, — angular ‘electromagnetic’ stiffness of the traction
permanent magnet synchronous machine; J,, — inertia moment
of rotating parts of the electric motor given to the rotor.

Puc. 6. PacuéTtHas cxema B3aMMOAeNCTBUA 3NaCTUYHOMO Koneca
C TBEpAbIM OMOPHLIM OCHOBaHMeM: | — Macca M moapeccopeH-
HbIX YacTell aBTOMOBMNIA, NpUXoAALLAsCA Ha Koneco; 2 — Macca m
Koneca; 3 — PONMKKW; 4 — YNpYruii 3NEMEHT, XapaKTepuU3yLmi
NOAATMBOCTb LUMHBI B MPOAONIBHOM HanpasieHuW; 5 — omnopHoe
0CHOBaHWe; 6 — BpaLLatoLLeecs Koneco; 7 — TATOBbIA 3/1EKTPO-
ABUraTeib; C — XKECTKOCTb NPYXWHbI, SKBUBANEHTHas NPOLONBHON
MECTKOCTM LMHBL; X, , X, — NPOAOSbHbIE NepeMelLeHns Mace |
u 2 cootetctaenHo; £ (V,,, ) — cuna TpeHus, 3aBUCALLAR OT CKO-
poctn V, . CKOMbXEHUS Koneca OTHOCUTENbHO OMOPHOMO 0CHOBa-
HUS; ©, — YII0Bas CKOPOCTb BpalLeHUs Koneca; %, — pajmyc
Koneca; M, — KpyTALWMIA WM TOPMO3HON MOMEHT, Pa3BMBaEMbIN
TArOBLIM 3M1EKTPOABUraTeNeM; ¢, — YI0Bas MECTKOCTb TAFOBOMO

3NEeKTpoABMraTens, AeTaneii TpaHcMUcCUM U Komeca; J,, — Mo-
MEHT MHEPLMM BPALLAIOLLMXCA YacTel 3NeKTpoABUraTens, npuee-
OEHHBIA K poTopy.

of the system), and external driving forces attributed
to the moment of inertia of the system, respectively.

We assume that f(0)=0; f'(0)>0. At the
same time, @ =0 is a stable equilibrium position. Let
the dissipative force satisfy the following condition [13]:

h(®,0) =~h(9,~9),

and is small in magnitude compared to the restoring force
(a system with weak dissipation, damping).

In nonlinear systems, large-amplitude oscillations
are commonly referred to as resonant. During these

17816/0321-4443-623828
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oscillations, the maximum values of ¢ and f(o)
significantly exceed the values of Z(¢,9) and Q(?),
respectively [13]. This indicates that in system (3), the sum
¢+ f(¢) becomes relatively small compared to their
individual maximum values. Consequently, resonant
oscillations in a nonlinear system resemble the free
oscillations of a corresponding conservative system,
in which ¢+ f(@)=0 [14].

In the system under consideration, possible
resonant oscillations can be viewed as free oscillations,
with frequency ® remaining constant irrespective
of amplitude, but supported by external forces, like those
arising in the wheel-road contact point.

Vol 91 (3) 2024

Tractors and Agricultural Machinery

For gear pairs, splined joints, and other mechanical
components within the transmission system of the traction
wheel drive operating in an oil bath, the characteristics
of the restoring force and the angular frequency ®
of free oscillations as a function of the half-range
of oscillations 4 are shown in Fig. 7 [14].

Figure 4 depicts parameters wp =tgo, and
mfztgal. The restoring force f(¢) (Fig. 6, a) is
represented by a polyline with three rectilinear sections.

—a<p<a
p>a (&)
p<-a

Cl(p7
o + %) ((P - (,l),
_cl(p + c2 ((P + a)’

fo)=

When an external harmonic driving force acts on the system, it induces oscillatory processes whose frequency
matches that of the driving force. The amplitude of these oscillations is determined by equations (4) [12]:

4

B

O<h<hy=

2
ca

E\/C—T arcsin \/h—io + iarc‘[g a E—l , h>h
2N J h c, oL h

where 7 is the total energy (potential and kinetic) of the conservative system.

Figure 6 shows the resonance and backbone curves
for a system (3) that includes a nonlinear restoring
force (4). From Fig. 8, it is evident that the system
can exhibit two stable modes of forced oscillations,
each with different amplitudes, such as 4" and 4’
at frequency o,.

In the system under consideration, when the external
driving force increases, the oscillation amplitude rises
until it matches the frequency of its natural oscillations.
However, in this case, the resonance is disrupted,
leading to a decrease in amplitude even as the frequency
continues to increase. Conversely, when the frequency
of the external force decreases, an amplitude jump
occurs.

Analytical study of the possibility

of resonant modes in the electromechanical
wheel drive sistem during the frictional
interaction of an elastic tire with a solid
support base

Let us examine the resonant modes in a nonlinear
system with one degree of freedom, specifically

DAl https://doiorg/10.17816/0321-4443-623828

the “traction electric motor-transmission-drive
wheel” set-up (Fig. 5). As a friction model, we use
a simplified analog of a polynomial of the third degree
F(vyg ) =hvyy 1-gvi, +g,v5, ). The system’s
oscillatory processes are then described by the Duffing
equation [19]:

Jép+b¢>+cl(p+cz(p3=P-cosvt, (5)

where J is the moment of inertia, » denotes the damping
coefficient, P and v represent the amplitude and
frequency of the external disturbing force, respectively,
and ¢ indicates the time.

Solving this system generally poses significant
challenges. Nevertheless, during the resonant
regime, it is possible to derive a sufficiently accurate
analytical solution for the system of equations (6),
despite the inherent complexity [13]. At resonance,
the system of equations (5) can be written as
follows [13]:

Jép+c1(p+cch3=0 ©)
bp—P-cosvt=0
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Fig. 7. Curve of restoring force (a) and dependence of angular frequency o of free oscillations on half-range A (b).
Puc. 7. XapaKTepucTiKa BOCCTaHaBNMBaIOLLEl CUibl (@) M 3aBUCUMOCTb YITIOBOI YacToThl  CBODOAHBIX KoslebaHui oT nonypasmMaxa A (b).

Fig. 8. Resonant and skeleton curves for the non-linear system.
Puc. 8. Pe3oHaHCHas W cKeneTHas KpuBble A1 HEJIMHEWHON CK-
CTEMBI.

The first equation, after a series of simple
transformations, can be represented as follows:

p+o’e+Be’ =0, )

c . .
where ®” = 71 is the natural frequency of the generating

system, when B=0; BZ%

denotes the coefficient
determining the degree of nonlinearity in the elastic
characteristic. In the resonant regime, the solutions
of the equations decompose into trigonometric functions.

In a linear system without damping, the amplitude
of oscillations 4 is determined as follows:

P

2 2
v -o’

4=
In the resonant mode, when the frequencies of the external
influence v and the natural frequency ® of the generating
system A — oo coincide. For a nonlinear system [16]
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P
‘v2 —o’ -3pd’ e’ /4‘

|4~

that is, the amplitude no longer tends to infinity.

In system (5), the presence of dissipative losses leads
to what is known as resonance disruption, as illustrated
in Fig. 9.

Research [17, 18] has shown that in nonlinear systems,
whose dynamic behavior is described by equations
(3), (4), and (5), modes close to resonant, known as
near-resonant modes, can arise. In such systems,
resonance is a mode that the system may approach
but never fully reach owing to resonance disruption.
No other resonant subharmonic, superharmonic
and combined modes can arise in a nonlinear
system [19-21].

However, studies [3-10] indicate that in nonlinear
systems (Fig. 5) describing the interaction of the wheel
and the road, self-oscillating modes can occur in both
traction and braking modes of wheel rolling. These
processes can be either “soft,” occurring at any system
parameter values, or "hard" emerging only at certain
parameter settings. Moreover, the self-oscillating mode
can be characteristic of various parts: the wheel (both
rotational and translational motions), the suspension
system, or the rotor shaft of the traction motor.
These processes are often triggered by increased
sliding of elastic tires on the relative support base,
which reduces friction as sliding speed increases.
At the same time, the design of the electric motors used
in drives does not facilitate damping the oscillations
of the rotor shaft arising from tire oscillations.
Additionally, the design features and control system can
lead to oscillations in the torque and angular velocity
of the shaft. Consequently, electromechanical drives are
particularly susceptible to self-oscillating phenomena,
even in scenarios where mechanical drives would not
experience them.
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4 W,

g )

Fig. 9. Resonance ‘breakdown’ in the systems with non-linearly
increasing stiffness.
Puc. 9. «CpbiB» pe3oHaHca B CUCTEMaX C HEJIMHEIHO YBENMUYMBal0-
LLLENCA ECTKOCTbIO.

RESULTS. CONCLUSIONS

In the electromechanical drive system for the traction
wheels of the vehicle, t oscillatory processes related
to toque occur during movement (Figs. 2, 3). Since this
system is nonlinear, pronounced resonant phenomena
with uncontrolled amplitude increases to infinity
cannot are not observed. Instead, resonance disruption
occurs. This can manifest as a decrease in oscillation
amplitudes with increased frequencies during
vehicle acceleration, and an increase in amplitudes
with decreased frequencies during deceleration
(Fig. 8, 9). The sharp, abrupt changes in wheel
torque and drive current, as well as their reduction
when suppressing self-oscillatory phenomena,
are revealed.

However, in nonlinear drive systems in
electromechanical wheel drives, self-oscillating
phenomena can be triggered by the frictional
interaction of an elastic tire with a solid support
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