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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
[2-5] in a practical way confirm the high efficiency of
computer modeling as a method of researching control
systems in various areas of automation.
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Improving the dynamic characteristics and energy
efficiency of a EV can be achieved in several ways,
among which the use of hybrid energy storage devices
in autonomous power supply systems to coordinate
fluctuations in electricity generation and consumption
[6-9]; 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.

A number of works devoted to the analysis of
vector control systems [17-18], considering an electric
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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,
which will increase the speed and efficiency of the
maneuver.

OzA

X

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 wvehicle (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 wvehicle;
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):

DALV (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: ¥ Fy.qion — total traction force on wheels; Fpz
— air resistance force, N ;

3

2
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L
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B
Fig.1. Control objects with a variable position of the mass center
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Y Firaction = FLF + Fre + FLr + Frr — Far» (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):

M real _ wheel
Fued =——————, 4
weel 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 ;

Mim_ wheel limited torque value excluding

slipping, N -m.
From (5-6) it follows that M et wheel 1S

determined by the degree of pressing the accelerator
pedal ( AP) and the maximum possible value of the
torque Mz (7), and My wne — depends on the
sliding friction force ( Firigion wheet )» Which is

reflected in (8):

M preset _ wheel AP -M max (7)
M lim_ wheel — F fiction _ wheel “Ripeer - ®

INturn, Fiicion wheet 1S determined (9):
I:friclion _ 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

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) YF-Z
2 B

mlg-(BllB)_FZF-Z
2 B

(10

Nip =

1)

Nir =

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.
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Fig. 2. The ACS structure of the EV
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Fig. 3. Subsystem “Torque Assignment Automatic Control System” represented by the left front wheel
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Fig. 6. “Control object” subsystem

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
different drive configurations, namely: all-wheel (4

drives), rear (2 drives on the rear wheels) and front
(2 drives on the front wheels).

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
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wheels is
1850 N -m for each of the rear wheels and for front-

wheel drive — 1850 N-m for each of the front
wheels.
Oz h
/73/ /23/ /33/
2N
25%8 /72% - ——
(1 7/ 12 7/ 37
20%8|— é -
52.40/5 52.50/5 B2=60%8 '0)(
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Fig. 7. Positions coordinates of the mass
center, parametrizing ACS of the EV

Computer simulation of acceleration from 0 to
100 km/h with 100 % pressing the accelerator pedal
for 9 different positions of the mass center and 3
different drives was carried out. As a result, the
following data were obtained: acceleration time to
100 km/h; the nature of the change and the
maximum  achievable  acceleration  during
acceleration; changes in the support reactions on the
front and rear wheels; changing the values of the
limited moments on the front and rear wheels.

M. N*m

— 925 N-m, for a rear-wheel drive —

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
and in the form of Table 1, which reflects the result
of acceleration for all 9 points of each type of drive.

The graphs of moments and efforts show two
lines: blue solid — front wheels, red dotted — rear
wheels.

Table 1. Simulation results

0z t,s Type drive
3 6.84 6.10 5.52

2 6.49 5.79 5.25 4-drive
1 6.14 5.49 5.00

3 4,73 4,73 5.07

2 4,73 4,74 5.78 Rear
1 473 5.23 6.49

3 13.80 10.98 9.13

2 13.06 10.39 8.65

1 | 1232 | 981 | 817 Front
Ox 1 2 3

1000 —

500 —

N,N

5000 —
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Fig. 8. Acceleration dynamics of a front-wheel drive vehicle with the coordinates of the mass center (3; 1)
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Fig. 9. Acceleration dynamics of a rear-wheel drive vehicle with coordinates of the mass center (1; 3)
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Fig. 10. Acceleration dynamics of a 4-drive configuration with coordinates of the mass center (3; 1)

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



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

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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AHOTAIIA

VY 3B'13Ky 3 eneKTpHu(iKali€lo CydacCHUX TPAHCHOPTHHX 3aCO0IB 3pOCTAE PONb EICKTPONPHBOAY SK OCHOBHOTO pymmis. B ymoBax
MiBUIICHHS BUMOT 10 O€3MeKH, KEePOBAHOCTI i eHeproe(peKTHBHOCTI TPAHCIOPTHOTO 3aco0y Ha €JEeKTPOTA3i, aKTyalbHUM MpH
Ppo3po0Li CHCTEMH aBTOMATUYHOTO KEPYBaHHS € BpaXyBaHHSA AMHAMIYHUX BJIACTUBOCTEH TPaHCIIOPTHOTO 3aco0y B PI3HUX peKUMax
i31u. B po0OTI HOCTIKy€eThCs BIUIMB MOJIOKEHHS LIEHTPY Mac Ha MEepepo3NOoIisl CHII IPH PO3TOHI Ha MPAMOJIHIAHIA TUISHII JOPOTH.
BpaxyBaHHS IOJIOKEHHS LICHTPY Mac B CHUCTEMi KEpYBaHHsS IO03BOJIIE IEPEPO3NOALIATH OaKaHMil MOMEHT Ha KoJjieca 3 KpalluM
3YEIUICHHSIM 3 TIOBEPXHEIO, 110 IiJBHIIye OE3IIeKy 1 KepoBaHICTh TPAHCIIOPTHOTO 3aco0y, a TAKOXK MIHIMI3ye eHepreTH4Hi BUTPAaTH Ha
KoJIecax 3 TipIINM 34eIIeHHsIM. MeTa poOOTH - TOCHIIANTH METOJIOM KOMITFOTEPHOTO MOJIEIIFOBAHHS BILIMB TIOJIOKEHHS IIEHTPY Mac Ha
JIMHAMKY TPAHCIIOPTHOT'O 3aco0y 3 TOBHHM, 3a/JHIM 1 ITepeIHiM IPUBOIOM. MaTeMaTHIHHIl ONKC BKIIIOYA€E B ce0Oe aHANITHIHI BHPa3H
MIepepo3IOiTy peakiii omop Ui KOKHOTO 3 KOJIC, IO JO3BOJIIE Ha X OCHOBI HPOBECTH KOMITIOTEPHE MOJIEIIOBAHHS PO3TOHY
€JIEKTPUYHOTO TPAHCHOPTHOTO 3aco0y Ha NPAMONIHIMHIN auraHml. [[ng 3a3HaueHWX THUMIB NPHUBOIIB TPAHCHOPTHHX 3aco0iB
po3pobieHa KOMITIOTEpHA MOZENb, LI0 BKIIOYAaE€ B CHCTEMi ABTOMATHYHOTO KEPyBaHHSA IEPEpO3NONUTy KPYTHOTO MOMEHTY
KOOPIMHATH TIOJIOKEHHS LEHTPY Mac, IO MEepeTBOPIOIOTHCS Ha MiACTaBI aHANITHYHUX BHPas3iB B (Pi3HMYHI MapaMEeTpU CHCTEMH.
[IpoBeneHo KOMIT'TOTEpHE MOJETIOBAHHS PO3TOHY B HyJIS IO CTa KM / TOJ MPH NOBHOMY HaTHCKaHHI Ha MEAalb aKcenepaTopa Uil
JIEB'ITH Pi3HUX IOJIOKEHb IIEHTPY Mac 1 TpbOX THUIIB npuBoxy. OTpHMaHO JaHi PO 3MiHYy NPUCKOPEHb, peakiiil omop i obepTardnx
MOMEHTIB KOJIiC B IIPOLECi PO3TOHY IIPH Pi3HUX MOJNOKEHHAX LEeHTPYy Mac. Ha mincraBi oTpuMaHuX pe3ynbTaTiB BU3HAYSHO HAMKpaIi 3
TOYKH 30pYy AWHAMIKH PO3rOHY Ha IPSMOJIHINHIN NUISHII KOOpPOWHATH LEHTPY Mac ULl KOXKHOTO THITy NpUBOXY. Po3poGieHy
KOMIT'FOTEPHY MOJIEJIb MOKHA BUKOPHCTOBYBATH JUISL IOCIHI/DKEHHS ANHAMIKH EIEKTPUIHOTO TPAHCIOPTHOT'O 3aco0y IpH MOBOPOTI, a
TaKOXK JOCIHIAUTH CHEPreTHYHI MOKA3HUKH y BCIX TUHAMIYHHX PEXKHAMAX PYXY.

KiouoBi cjioBa: xoMn'roTepHe MOICTIOBAHHS; EIEKTPHYHHUN TPAaHCIIOPTHHUH 3aci0; eJIeKTPONPHUBOJ; MOJIOKEHHS LIEHTPY Mac,
HPOLIEC PO3TOHY
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AHHOTALIUS

B cBs3u ¢ »nexTpuUKanyeil COBPEMEHHBIX TPAHCIIOPTHBIX CPEACTB PacTeT POIb JIEKTPONPHBOAA KaK OCHOBHOTO IBIDKHTENS. B
YCIIOBUSIX TOBBIIIGHHS] TpeOOBaHMiI K OE30MacHOCTH, YNPAaBISIEMOCTH W 3HEProd((eKTHBHOCTH TPAaHCIOPTHOTO CpPEACTBA Ha
NEKTPOTSAre, AKTyalbHbIM HPH pa3pabOTKe CUCTEMBI ABTOMATHYECKOTO YIPABICHHUs SBJSIETCS Y4eT AWHAMHYECKHX CBOICTB
TPaHCHOPTHOTO CPEICTBA B pa3iIMYHBIX pPEXKUMax e3apl. B paboTe wuccnemyercss BIMSHHE MOJNOXKEHHS LEHTPa MacC Ha
nepepacrpezeseHie CUI IIPU pasroHe Ha MPSIMOJMHEIHOM y4JacTKe JOpOTH. YUeT IOJIOKEHUs LEHTpa MacC B CHUCTEME YIPaBIICHUS
TI03BOJISIET MePepacIpeieNsTh KeaeMblii MOMEHT Ha KoJieca C JIydIIUM CIEIUIEHHEM C MOBEPXHOCTHIO, YTO MOBBIIMIAET Oe301acHOCTh
U YIPaBISIEeMOCTh TPAHCIIOPTHOTO CPEICTBA, a TAKKe MUHHMH3HPYET SHEPreTHYecKHe 3aTpaThl Ha KOJecax ¢ Xy/IINM CHEIUICHHUEM.
Llens pabGoTel — HCCIEOBaTH METOJOM KOMIBIOTEPHOTO MOJEIHMPOBAHMS BIMSHME IIOJOKEHHS IIEHTpa MacC Ha JWHAMKY
TPaHCHOPTHOTO CPEJCTBA C IOJHBIM, 33AHUM U MEPEeIHUM MPUBOJOM. MaTreMaTndeckoe ONMUCaHNe BKIIOYaeT B ce0sl aHaTMTHIECKHE
BBIPAXEHUsI NepepacrpeiefieHNs peakiui onop Ui KaKAOro M3 KOJeC, YTO MO3BOJIIET Ha MX OCHOBE IPOBECTH KOMIIBIOTEPHOE
MOJIETIMPOBAHUE PA3TOHA HJIEKTPUYECKOTO TPAHCIIOPTHOIO CPENICTBA HA MPSIMOJMHEHHOM ydacTke. /Iy yKa3aHHBIX THIIOB IPHBOAOB
TPAHCIOPTHBIX CPEICTB pa3paboTaHa KOMIIBIOTEpPHAs MOAENb, BKIIOYANOLIas B CHUCTEME AaBTOMAaTHYECKOTO YIPaBICHUS
nepepacnpesieneHus KpyTsAIero MOMEeHTa KOOpANHATHL MOJIOKEHHs LIEHTpa Macc, peodpasyronuecs Ha OCHOBAHIMM aHAIUTUYECKUX
BBIPOKEHMH B (U3MUECKUe IapaMeTphbl cucTeMsl. [IpoBeneHo KOMIBIOTEpPHOE MOJEIHMPOBaHHE pa3sroHa oT Hyis 1o cra km/h mpu
MOJTHOM HKaTWUH HAa MeJalb aKceleparopa Ul AEBSITH Pa3NIMYHBIX ITOJIOKSHHH LEHTpa Macc W TpeX THHOB HpuBoja. IlomydeHs
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JJaHHBbIE 00 U3MCHEHUU YCKOPSHHUH, PeaKiyii OMop U BPAILAOIINX MOMEHTOB KOJIEC B IpOYyecce pa3eoHd NpU PA3IUHbIX NOIOIHCEHUAX
neHTpa macc. Ha OCHOBaHHM TOJy4YEHHBIX PE3yJbTAaTOB OINpEICNICHbl HauOoJee MPEANOYTHTEIBHBIC C TOYKH 3PCHHUS AWHAMUKA
pasroHa Ha MHPSIMOJIMHEHHOM Y4YacTKe KOOPAMHATHI LIEHTPa Macc A KaXIOro TUIMa MpuBoja. Pa3paboTaHHYHO KOMIIBIOTEPHYIO
MOJIeNIb MOYKHO HCIIOJIB30BaTh U MCCICNOBAHHS JHMHAMHKH DJICKTPUYECKOTO TPAHCIIOPTHOTO CPEICTBA MPH MOBOPOTE, a TaKkKe
HCCIIEZIOBATh YHEPreTHUECKHE MOKAa3aTeNM BO BCEX AMHAMUYECKUX PEKUMAX JBHKCHUS.

KiiouyeBble €/10Ba: KOMITBIOTEPHOE MOJIEIMPOBAHKE; BIEKTPUYECKOE TPAHCIIOPTHOE CPEACTBO; IEKTPOIPHBOM; MOJIOKEHUE
LIEHTPa Macc; MPOLEecC Pa3roHa
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