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ABSTRACT

Due to the electrification of modern vehicles the role of the electric drive is growing as the main mover. In conditions of
increasing requirements for the safety controllability and energy efficiency of a vehicle on electric traction, it is actual to take into
account the dynamic properties of a vehicle in various driving modes when developing an automatic control system. In the work it is
investigated the influence of the mass center position on the redistribution of forces during acceleration on a straight-line section.
Taking into consideration the position of the mass center in the control system allows redistributing the desired moment to the wheels
with better adhesion to the surface, which increases the safety and controllability of the vehicle, as well as minimizes energy costs on
wheels with the worst adhesion. The aim of the work is to investigate the influence of the mass center position on the dynamics of a
vehicle with full, rear and front wheel drive using computer simulation. The mathematical description includes analytical expressions
for the redistribution of the support reactions for each of the wheels, which makes it possible, on their basis, to carry out computer
simulation of the electric vehicle acceleration on a straight-line section. For the indicated types of vehicle drives, a computer model has
been developed that includes, in the automatic control system for torque redistribution, the coordinates of the mass center position,
which are converted on the basis of analytical expressions into the physical parameters of the system. Computer simulation of
acceleration from zero to one hundred km/h with full pressing of the accelerator pedal for nine different positions of the mass center
and three types of drive was carried out. Data were obtained on the change in accelerations, support reactions and torque of wheels
during acceleration at various mass center positions. Based on the results obtained, the most preferable coordinates of the mass center
for each type of drive from the point of view of the acceleration dynamics on a straight section were determined. The developed
computer model can be used to study the dynamics of an electric vehicle when cornering, as well as to study energy indicators in all

dynamic driving modes.
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INRODUCTION

The appearance of the first electric vehicles (EV)
is marked, for the specialty automation and electric
drive, the emergence of a new control object — a
vehicle. This means that the quality of the automatic
control system (ACS) of the traction electric drive in
combination with existing safety systems and enhanced
vehicle controllability determines: safety of movement,
the ability to work out driving influences
(controllability); energy costs in various driving modes

[1].

The modern model-oriented approach to design
allows us to quickly assess the quality of the designed
control system and achieve the desired result. Works [2,
3], [4, 5] in a practical way confirm the high efficiency
of computer modeling as a method of researching.
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Improving the dynamic characteristics and energy
efficiency of a EV can be achieved in several
ways,control systems in various areas of automation.

Among which the use of hybrid energy storage
devices in autonomous power supply systems to
coordinate fluctuations in electricity generation and
consumption [6, 7], [8, 9]; taking into account the
nonlinearity of the control object in the synthesis of the
ACS controller to reduce power consumption from the
power source and increase the life of an autonomous
object [10, 11]; taking into consideration friction forces
and aerodynamic resistance of air for specific energy
savings depending on motion parameters [12, 13]. The
importance of matching the control strategy to the
driving style is determined by [14]. It is necessary to
note the works that determine the seriousness of the
issue of working out the mechanical units of the
vehicle [15, 16], in order to improve safety and
controllability.
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A number of works devoted to the analysis of
vector control systems [17, 18], considering an electric
vehicle in dynamic driving modes. The work [19] is
devoted to taking into account the road situation in
ACS, for example, wind loads, slope and rolling
friction. Analysis of existing studies dedicated to the
ACS vehicle showed insufficient light issue of the
research of the influence of the center of mass position
on the dynamics of the vehicle. This issue is fully
covered in the works regarding the theory of the
vehicle [4] as one of the points in the section
“Dynamics of the vehicle”. In the articles [20, 21], a
vehicle with various architectures is studied (mass
center is one of the layout parameters), vehicle control
scenarios are proposed that take into account changes
in the center of mass position in order to ensure
stability and safety. The work [22], based on the
analysis, also confirms the importance of determining
the position of the mass center as a parameter that
affects the dynamics of the vehicle.

Analysis of the market for modern EV showed
that over the past year at least 5 more concepts of
electric vehicles with 4-wheel drives appeared, ready
for serial production. This trend indicates the
successful passage of tests and the possible competitive
ability of these electric vehicles both in the price range
and in terms of consumer properties, which determines
the relevance and feasibility of the practical
implementation of the study.

THE AIM OF THE WORK

The main objective of the study is to take into
account the redistribution of forces acting on the
vehicle, depending on the acceleration and the position
of the mass center, which allows to increase the torque
on the wheel, which has better adhesion to the surface,

Ozp

O

which will increase the speed and efficiency of the
maneuver.

As a basic traction facility, a 4-wheel drive power
plant with which 2-wheel rear and front-wheel drives
are compared is taken.

METHODS, RESULTS AND DISCUSS

In this work, it is considered the dynamics of an
absolutely rigid vehicle (Fig. 1) moving along a
straight-line path with a zero angle of inclination of the
surface without taking into account rolling friction. The
main parameters are: mass of vehicle, dimensions of
the EV, including the geometric position of the mass
center relative to the dimensions of the vehicle;
coefficient of sliding friction; aerodynamic drag
coefficient, taken as the average for vehicles. The
setting action is presented in the form of the position of
the accelerator pedal, which determines the value of
the set torsion torque for all drives. The restrictions
apply to the set torque values of each wheel are
determined taking into consideration the current values
of the respective support reactions. The object of the
study is a vehicle with various options for the position
of the mass center.

The basic equation of wvehicle movement is
represented by the formula (1):

1ZF g, 1)
m

where: ¥ F — total force acting on the vehicle, N ; m —
curb weight, kg ; v — vehicle speed, m/s.

z F= Z I:traction B I:AR > 2

where: ¥ F.qion — total traction force on wheels; Fjg
— air resistance force, N ;

3

2

11
>
Ox

B
Fig.1. Control objects with a variable position of the mass center
Source: compiled by the author
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> Firaction = FLF + Fre +FLr +Frr —Fars  (3)

where: F ¢ — traction force on the front left wheel,
N ; Fre — traction force on the front right wheel,
N ; F_ r — traction force on the rear left wheel, N ;
Frr — traction force on the rear right wheel, N ;
Fg, — force resulting from pressing the brake pedal,
N.

In formulas that have the same analytical
expressions for each of the wheels, instead of the
LF,RF,LR,RR indices the “wheel > index is used.

Traction forces on each wheel are described by
the formula (4):

F =T
weel 5
Rwheel

Where: M e, whee — real torques on the motor shaft

of each of the wheels, N-m;
Runeer — the radius of the respective wheels, m .

Aiming to avoid slipping, the task for drive is
limited. The condition for the absence of slipping for
traction force ( Fi action ) 1S inequality (5), for torque

— inequality (6), where Fgigion wheet — force of
sliding friction

Ftraction = Ffriction ’ (5)

M preset _ wheel <M lim_ wheel » (6)

Where: M preer wheer — tOrque set value, N-m ;

M lim_ wheel limited torque value excluding

slipping, N -m.

From (5-6) it follows that M et whe 1S
determined by the degree of pressing the accelerator
pedal ( AP) and the maximum possible value of the
torque Mz (7), and My whe — depends on the
sliding friction force ( Firigion wheet )» Which is

reflected in (8):

M preset _ wheel AP -M max * (7)
M lim_ wheel = Ffriction _ wheel : I:zw‘heel : (8)

Intum, Fricion wheer 1S determined (9):
friction _ wheel Nwheel “H, (9)

where: u — coefficient of sliding friction; Nype —

support reactions of each of the wheels, N .
Considering that in the dynamics there is a

M real _ wheel (4)

redistribution of the support reactions, and relying
on [23, 24], write the formula of the support reaction
for the front left (10) and rear left wheel (11). The
right front wheel is similar to the left front and rear
wheel, respectively.

m-g-(B,/B) XF-Z

Nig = 5 5 (10)
-g-(B;/B F-z
N,_Rzmg(zl )+ZB . (11)

Parameters (B,/B) and (B,/B) determine the

redistribution of weight in statics depending on the
position of the mass center along the X axis, and the
parameter Z — along the Z axis.

An enlarged block diagram of the automated
control system of the EV, effecting distribution
torque and created on the basis of the mathematical
description and sources [12], [ 25], is presented in
Fig 2.

Based on the assumption that the coefficient of
sliding friction in (6) is known and the wheels are
constantly in adhesion with the road surface, slip
processes are not modeled. Electronic traction
systems that indirectly determine the coefficient of
sliding friction are not the subject of this study.

Subsystem “Sources driving actions” — generates
the setting action by choosing the degree of pressing
the accelerator pedal (in Fig. 2 the “AP: Value”
slider).

Further, the data on the degree of pressing is sent
to the “Torque Assignment Automatic Control
System”, which limits the value of the setting
moment taking into account the redistribution of the
reactions of the support and the coefficient of
adhesion to the surface. This subsystem corresponds
to the formulas (5)-(11) of the mathematical
description.

A limited moment is transferred at the “Actuating
mechanisms” (Fig. 5), subsystem, which is
represented by an aperiodic first-order link with a
time constant (0.1 s).

Real moments are transferred at the “Control
object” subsystem (Fig. 6), which are converted into
traction forces on wheels (3) — (4), which drive the
vehicle with a given mass (1) taking into
consideration the force of air resistance (3). The
speed of movement is reflected in the visual
speedometer (Fig. 2).

Developed computer model of the EV ACS,
based on the mathematical description, allows
studying the influence of the mass center position on
the dynamics of the vehicle.

156

Applied information technologies
in energy engineering and automation

ISSN 2617-4316 (Print)
ISSN 2663-7723 (Online)



Applied Aspects of Information Technology 2020; Vol.3 No.3: 154-164

k_fr:Value

- . 0 010203040506 070809 1
Driving action

. Sources Preset limited torque = Real torqu
driving actions

_» VEHICLE
Actuating
mechanisms M.

Control object

Torque Assignment
Automatic Control System

AP:‘\sfglue V, kmih
40 60
30 N, 70
20 = () ) = 80
107, \ 9
0 100

Fig. 2. The ACS structure of the EV

Source: compiled by the author
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Fig. 3. Subsystem “Torque Assignment Automatic Control System?” represented by the left front wheel
Source: compiled by the author
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Fig. 4. “Limit torque” subsystem
Source: compiled by the author
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Fig. 6. “Control object” subsystem

Source: compiled by the author

The basis of the experiments is to change the
parameters of the system in accordance with the
choice of the coordinate of the mass center (Fig.7)

The step of changing of the mass center position
is taken on the basis of the various layout options
study of existing vehicles.

In this work, the influence of the mass center
position on vehicle dynamics is studied for 3

Mathematical modeling was carried out under the
following initial conditions: vehicle mass — 1730 kg;
vehicle base — 2.87 m ; aerodynamic drag
coefficient — 0.25; coefficient of friction with the
surface — 0.8; radius of the wheel — 0.33 m ; for a 4-
drive vehicle, the maximum torque for each of the
wheels is — 925 N-m, for a rear-wheel drive —
1850 N -m for each of the rear wheels and for front-

different drive configurations, namely: all-wheel (4  \wheel drive — 1850 N.m for each of the front
drives), rear (2 drives on the rear wheels) and front \yheels.
(2 drives on the front wheels).
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/4 and in the form of Table 1, which reflects the result
(13) (23] (73] of acceleration for all 9 points of each type of drive.
WU~ 4 ———§——— - The graphs of moments and efforts show two
o [ 72% 22) § (3-2) lines: blue solid — front wheels, red dotted — rear
1 e gl 19 wheels.
v, 219, 57
28| — 4 — = N
> Table 1. Simulation results
B2-40%B  B2-50%B  B2-60%B [(ly :
BI-60%8 BI50%B  BI-40%8 0z ts Type drive
Fig. 7. Positions coordinates of the mass L 6.84 6.10 5.52 )
center, parametrizing ACS of the EV 2 | 649 | 579 5.25 4-drive
Source: compiled by the author 1 6.14 5.49 5.00
Computer simulation of acceleration from 0 to 3 4.73 4.73 5.07
100 km/h with 100 % pressing the accelerator pedal 2 473 474 578
for 9 different positions of the mass center and 3 ' ' ' Rear
different drives was carried out. As a result, the 1 4.73 5.23 6.49
following data were obtained: acceleration time to 3 13.80 | 10.98 9.13
100 km/h; the nature of the change and the 2 | 13.06 | 10.39 8.65
maximum  achievable  acceleration  during Front
acceleration; changes in the support reactions on the 1 12.32 9.81 8.17
front and rear wheels; changing the values of the | OX 1 2 3
limited moments on the front and rear wheels. Source: compiled by the author
The results are presented in the form of graphs
(Fig. 8, Fig. 9 and Fig. 10) of the preferred positions
of the mass center of the indicated types of drives
M, N*m
1000 —
500 —
0 [ I I I I [ I I
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Fig. 8. Acceleration dynamics of a front-wheel drive vehicle with the coordinates of the mass center (3; 1)

Source: compiled by the author
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Fig. 9. Acceleration dynamics of a rear-wheel drive vehicle with coordinates of the mass center (1; 3)
Source: compiled by the author
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Fig. 10. Acceleration dynamics of a 4-drive configuration with coordinates of the mass center (3; 1)
Source: compiled by the author
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CONCLUSION

The results of computer simulation showed that the
preferred coordinates of the center of mass position for
the front drive (Fig. 8) are shifted closer to the front
axle (3; 1), however, in comparison with the rear and
all-wheel drive, the front-wheel drive is the least
effective in terms of acceleration dynamics at straight-
line section.

The best indicators of maximum acceleration and
acceleration time are achieved with a rear-wheel drive
with the coordinates of the center of mass — (1; 3). But
this result is accompanied by close to zero values of
support reactions (Fig. 9), which is undesirable from
the point of view of vehicle controllability. Full-drive
with dislodged to the front mass center (3; 1) reaching

close values to the best acceleration dynamics result
and providing about 60 % of the vehicle weight on the
front axle is the most preferable (Fig. 10).

The research result allows choosing the type of
drive with the best dynamics for various vehicle
configurations (sedan, station wagon, jeep) and vice
versa, selects the appropriate arrangement for various
drives that implements the capabilities of the traction
unit as efficiently as possible from the point of view of
acceleration.

Further research should be continued in the
direction of determining the influence of the mass
center position on the dynamics of the vehicle during
rotation.
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AHOTALIS

V 3B'I3Ky 3 eleKTpHQIKaIli€l0 CyJacCHUX TPAHCIIOPTHHX 3ac00iB 3pOCcTa€e pojb eNEKTPONPUBOLY SIK OCHOBHOTO pymris. B ymoBax
MBUIIEHHS BUMOT 1O O€3MeKH, KEepOBAHOCTI 1 €Heproe(eKTHBHOCTI TPAHCIIOPTHOTO 3aco0y Ha ENIEKTPOTs3i, aKTyaJbHUM IIpU
Ppo3po01LIi CHCTEMH aBTOMATHYHOTO KEPYBaHHS € BpaxXyBaHHS AMHAMIYHUX BJIACTUBOCTEI TPaHCIIOPTHOTO 3ac0o0y B PI3HHUX PEeKHMaX
i31u. B po0OTI HOCTIKY€eThCs BIUIMB MOJIOKEHHS LIEHTPY Mac Ha MEepepo3NOoIil CHII IPH PO3TOHI Ha MPSAMOJIHIHHIN IUISHII TOpOTH.
BpaxyBaHHs IOJIOKEHHSI LICHTPY Mac B CHUCTEMi KepyBaHHsS HO3BOJIIE IEPEPO3NOAULATH OaKaHMi MOMEHT Ha KoJjieca 3 KpalluM
3UETJICHHSIM 3 TTOBEPXHEIO, 110 MiBUILYe Oe3MeKy 1 KepOBaHICTh TPAHCIIOPTHOTO 3aC00Y, a TAKOXK MiHIMI3ye €HepreTHYHi BUTPAaTH Ha
KoJIecax 3 TipIINM 34eIIeHHsIM. MeTa poOOTH - TOCIIANTH METOJIOM KOMIT'FOTEPHOTO MOJISIFOBAHHS BILUIUB TIOJIOKEHHS [IEHTPY Mac Ha
JIMHAMKY TPAHCIIOPTHOT'O 3ac00y 3 MOBHHM, 3a/IHIM 1 IepeIHiM IPUBOJIOM. MaTeMaTHYHHI ONKC BKIIIOYA€E B ceOe aHANITHYHI BUpa3H
MIepepo3IOiTy peakiii omop Ui KOXKHOTO 3 KOJIC, IO JIO3BOJIIE HAa iX OCHOBI IPOBECTH KOMITTOTEPHE MOJCITIOBAHHS PO3TOHY
CJICKTPUYHOTO TPAHCIOPTHOTO 3aco0y Ha NPAMOMNIHIMHIN minsaii. J[ngd 3a3HaueHUWX THUIMIB NPHBOMIB TPAHCIHOPTHHX 3aco0iB
po3pobieHa KOMITIOTEPHA MOZENb, LI0 BKIIOYAaE€ B CHCTEMi ABTOMATHYHOTO KEpyBaHHA IIEPEPO3MOALTY KPYTHOTO MOMEHTY
KOOPIMHATH TIOJIOKEHHS LEHTPY Mac, IO MEepeTBOPIOIOTHCS Ha MiACTaBI aHANITHYHUX BHPas3iB B (Pi3HYHI MapaMEeTpU CHCTEMH.
ITpoBeneHO KOMIT'IOTEpHE MOJEIIOBAHHS PO3rOHY BiJ HyJS IO €Ta KM / TOJ| P NOBHOMY HATHCKaHHI Ha IIE€AaJIb aKkcenepaTopa Juis
JIEB'SITH PI3HUX TOJIOKEHb IIEHTPY Mac 1 TphOX THUMIB MpuBoLy. OTpHMaHO AaHI IPO 3MiHY MPUCKOPEHbB, peakiiii onop i odeprarunx
MOMEHTIB KOJIiC B IIPOLECi PO3TOHY IIPHU Pi3HUX MOJOKEHHAX LeHTPYy Mac. Ha mincraBi oTpuMaHuX pe3yinbTaTiB BU3HAUSHO HalHKpaii 3
TOYKH 30pYy AWHAMIKH PO3TOHY Ha IPSMOJIHIMHIM NUISHII KOOpPOWHATH LEHTPY Mac UL KOXKHOTO THITy NpUBOXY. Po3poGieny
KOMIT'FOTEPHY MOJIEIb MOKHA BUKOPHCTOBYBATH JUISL IOCIHI/DKEHHS AUHAMIKH EIEKTPUYHOTO TPAHCIOPTHOI'O 3aco0y IpH MOBOPOTI, a
TaKOXX IOCJIITUTH €HEePreTHYHI IIOKa3HUKH Y BCIX TMHAMIYHHX PEKHMaxX Pyxy.

KiouoBi ciioBa: xoMn'roTepHe MOICTIOBAHHS; EIEKTPHYHHUI TPAaHCIIOPTHHUH 3aci0; eJIeKTPONPHUBOJ; MOJOKEHHS LICHTPY Mac,
MPOLIEC PO3TOHY
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AHHOTAIUA

B cBs13u ¢ anekTpuduKanyell COBpeMEHHBIX TPAHCIIOPTHBIX CPEJICTB PACTET POJIb HJIEKTPONPHBOA KAK OCHOBHOTO JIBHYKUTEIISL.
B ycnoBusx moBbimeHuss TpeOoBaHMIT K O€30IIACHOCTH, YNPAaBISIEMOCTH M SHEProd3(pQeKTHBHOCTH TPAHCIOPTHOIO CPEACTBA Ha
NEKTPOTATe, AKTyalbHBIM NPH pPa3pabOTKe CHUCTEMBI aBTOMATHYECKOTO YIPABICHUS SBIICTCS yYeT IWHAMHYECKHX CBOICTB
TPaHCHOPTHOTO CPEJCTBA B pPa3NMYHBIX peXHMax e3nbl. B pabore wuccieqyeTcs BIMSHHE IOJIOXKEHHS IIEHTpa Macc Ha
TiepepactpeieNieHre CUII TP pa3roHe Ha MPSMOJIMHEHHOM yJ9acTKe JOPOTH. YUeT MOJOXKEHHs IEHTpa MacC B CHCTEME YIPABIICHUS
TM03BOJIET MEPEPACTIPEEIIATh JKENaeMblii MOMEHT Ha KoJjieca C JTy4IINM CLEIUICHHEM C MOBEPXHOCTBIO, YTO MOBBIIAET 6e30MaCHOCTh
U yIPaBIsIEMOCTh TPAHCHIOPTHOTO CPEACTBA, a TAKKE MHHUMHM3HMPYET 3HEpreTHYEeCKUe 3aTpaThl Ha KOJiecaX C XYALIMM CLENJICHUEM.
Llenp paboThl — WHCCIEAOBAaTh METOJOM KOMIIBIOTEPHOTO MOJEIHMPOBAHUS BIWSHUE IIOJOKCHHUs IIEHTpAa MacC Ha JUHAMKY
TPaHCHOPTHOTO CPEJCTBA C MOJHBIM, 33JHUM U MEPEIHUM MPUBOIOM. MareMaTHueckoe ONMUCaHNe BKIIIOYAeT B ce0s aHAIMTHYECKHE
BBIPO)KEHMS NEPepacIpeieNiCHust Peakuidi onop Uil KaXJOTo U3 KOJIEC, YTO II03BOJSIET HA WX OCHOBE IPOBECTH KOMIIBIOTEPHOE
MOJZIENTPOBAHUE Pa3TOHA JIEKTPHIECKOTO TPAHCIOPTHOTO CPEJICTBA HA NMPSIMOJIMHEHHOM ydacTke. [y yKa3aHHBIX THIIOB IPHBOIOB
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TPAaHCHOPTHBIX CPEICTB pa3padoTaHa KOMIIBIOTEpHAs MOJeNb, BKJIIOYAIOMas B CHUCTEME AaBTOMATHYECKOTO yHpPaBICHUS
HepepactpeseNICHUsT KPYTSIIero MOMEHTa KOOPIMHATHI MOJOXKEHHs IIEHTpa Macc, npeodpasyronuecs Ha OCHOBAHUN aHATUTHIECKUX
BBIPDOKEHHH B (M3MUECKUE MapaMeTphl cucTeMsl. IIpoBeeHO KOMIBIOTEpPHOE MOJEIMPOBaHHE pa3roHa oT Hyis 1o cra km/h mpu
MIOJTHOM H)KaTWUH Ha MeJaib aKceleparopa Ul AEBSITH Pa3IMYHBIX ITOJIOKEHHH IIEHTpa Macc M TpeX THUIOB IpuBoxa. [lomydeHs
JTaHHBIE 00 N3MEHEHUN YCKOPEHHUH, peakiyii ONop M BPaILAIOIINX MOMEHTOB KOJIEC B npoyecce pa3eoHa NpU pasiuiHbIX NOJOMHCEHUAX
neHTpa mMacc. Ha OCHOBaHMM TOJY4YEHHBIX DPE3yJbTAaTOB OINpENENCHBbI HauboJee MPEANOYTHTENbHBIE ¢ TOYKHM 3PEHHS TUHAMUKH
pasroHa Ha NpPSMOJIMHEHHOM ydYacTKe KOOPIMHATHI IEHTpa Macc U KaXKIOro TUMa MpHBOAA. Pa3zpaboTaHHYIO KOMITBIOTEPHYIO
MOJZIENb MOXKHO MCIIOJIb30BaTh ISl MCCIEAOBAHMS AMHAMUKH JIEKTPUUECKOTO TPAHCHOPTHOTO CPEACTBA MPU MOBOPOTE, a TaKkKe
HCCIIeI0BaTh SHEPreTHUECKUE [T0Ka3aTeIH BO BCEX AUHAMUYECKUX PEXHUMAaX JIBIKCHHUS.

KiroueBblie €10Ba: KOMIIBIOTEPHOE MOJEIUPOBAHUE; AICKTPUYECKOE TPAHCIOPTHOE CPEICTBO; IEKTPOIPUBOJ; MOJI0KEHHE
LIEHTPa Macc; IpoLEecC pa3roHa
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