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Abstract. Currently, in economically developed countries, electric vehicles are considered as a solution to the problematic
issue of reducing greenhouse gas emissions from road vehicles. The level of energy consumption is a critical factor in deter-
mining the overall performance of an electric vehicle. The article analyzes the influence of tire adhesion coefficient on
the energy consumption of a battery electric vehicle when operating in typical standard driving cycles. In order to estimate
the energy consumption during driving with different tire adhesion coefficients an electric vehicle longitudinal dynamic model
is used, which allows taking into account various driving modes (Eco, Comfort, Sport) and sliding of the drive wheels in con-
tact with the road surface. The proposed model, based on submodels of such main components of an electric vehicle as an
electric motor and a traction battery, includes tire and vehicle body dynamics submodels, as well as a human-driver submodel
with PID controller in the control circuit to track given trajectories. A series of experiments with the VinFast Vfe34 passen-
ger electric vehicle on a dynamometer test bench were carried out to determine the electric motor’s performance characteri-
stics at various operating modes and identify many other input parameters for simulation and verifying the mathematical
model accuracy. The simulation results of the distance traveled by an electric vehicle on a single charge are compared with
the manufacturer's experimental data during operating the test vehicle in the standard European driving cycle. Simulation
scenarios with different accelerating modes are proposed to analyze the influence of the adhesion coefficient on the EV’s
dynamic characteristics and the level of energy consumption. The simulation results on the determination of the energy
consumed by an electric vehicle when moving in various driving cycles with road adhesion coefficients are presented in
the activity. The given results show the significant impact of the adhesion coefficient on electric vehicle energy consumption
in various standard driving cycles, especially on low-grip roads.
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Tpancnopm

Bausinue ko3¢ puumeHTa cuenieHusi MUH C J0POrom
Ha NMOTPel/IsieMyI0 SJHEPIHI0 U JUHAMHMKY AKKYMYJISTOPHBIX JIEKTPOMOO W1

Acn. Jle Txans Haunp", kaun. Texn. nayk, nou. Jam Xoanr Ixyk", acn. Jle Xy> Taii Munn"?,

JIOKT. TeXH. HayK, npo¢. C. B. Xapl/ITOH‘ll/IKS),
KAHJAUJAThI TEXH. HAYK, J0LeHThI B. A. Kycmc”, Hryen Txanb Konr®

VX anoiicknii yHHBEpCHTET HayKHi 1 TexHomoruit (Xanoit, Conpamucrnyeckas Pecny6nnka BeerHam),
2)YHHBepCI/ITeT HayKu u TexHoorui Xanos (Xanoit, Connanuctiueckas Pecryonnka BeetHam),
3')Benopyccm/nﬁ HalMOHAIIBHBIA TeXHUYecKuit yHuBepcureT (MuHck, PeciyOinka benapycs),

YV HUBEpCHTET TPaHCIIOPTA kommyHuKami (Xanoi, Conuanuctiuaeckas Pecrrybnmnka BeetHam)

Pedepar. B HacTosiiee BpeMs B OKOHOMHYECKHM DasBHUTHIX CTpaHaX AJIEKTPOMOOWIM PAacCMAaTPHBAIOTCA KaK pELICHHE
Npo6JIEMHOT0 BOIPOCA MO COKPALICHUIO BBIOPOCOB MAPHUKOBBIX I'a30B OT MOOHJIBHBIX TPAHCIIOPTHBIX CPEICTB. YPOBEHb
MOTPEOIIEMOM SHEPTUU HICKTPOMOOHIIEM SIBIISICTCSA PELIAONIMM (PAKTOPOM, ONPENEIISIONNM OOIIYI0 MPOU3BOIUTEIBHOCTh
TPAHCIIOPTHOTO CPEICTBA Ha JJEKTPUUYECKOil Tsre. B crarhe aHanmu3upyercst BIUsHUE KOdYQOUIMEHTA CLEIUICHHS MHH C J0-
poroii Ha MOTPeOIIEMYIO PHEPTUIO aKKYMYJIITOPHBIM 3JICKTPOMOOHIIEM HPH 3KCIUTyaTal[iy B THIIMYHBIX CTAaHJAPTHBIX €3710-
BBIX [IUKJIaX. J[JIs olleHKH HOTpeOIsieMoit SHEPruH MPHU IBYKEHUH C PA3IMYHBIMH KO QUIIMEHTaMU CHETUICHHUS IIMH UCTIONb-
3yeTcsi NMpOAOJbHAS JUHAMMYECKas MOJENb 3JIEKTPOMOOWIIS, IMO3BOJSIONIAs YYUTBHIBATH PA3NMUYHBIE PEKHMbBI BOXKICHHS
(«3K0», «KOM(DOPT», «CIOPT») U CKOJBKEHUE BEAYIMX KOJIEC B KOHTAKTE C IOPOXKHBIM ITOKphITHEM. Pa3paboTaHHas MOJEIb,
MOCTPOCHHAsI HA OCHOBE CyOMoJeneil TAKNX OCHOBHBIX KOMITOHEHTOB JJIEKTPOMOOWIIS, KaK MICKTPUICCKHH J[BUTaTeNb U Ts-
roBasi aKKyMyJISITOpHast GaTapesi, BKIIOYaeT cyOMOJIeNH JUHAMUKY IIIMH ¥ Ky30Ba, a TaKke CyOMO/IeIb JIOTHKH IeHCTBUH BO-
qutens ¢ [TAJ[-peryastopoM B LENM YIPaBICHUS IS OTCICKUBAHMS 3aIaHHBIX TPACKTOPUH ABMKEHHS TPAHCIOPTHOIO
cpencrsa. Jyis onpexeneHns BHEMIHUX Pab0dMX XapaKTEPUCTHUK TSATOBOTO AJIEKTPOJBHIATEIS HAa PA3IMUIHBIX PeKUMax pado-
TBl CWJIOBOTO arperata ¥ HACHTU(QHKALMU psina OPYTHX BXOIHBIX MApaMeTpPOB JUIS MaTeMaTH4YECKOrO MOJEIHpPOBaHHMS
U OLICHKH aJeKBATHOCTH HMMMTALIMOHHON MoJenu ObUla NpPOBEIEHA Cepust KCIEPUMEHTOB C JIETKOBBIM 3JIEKTPOMOOH-
nem VinFast Vfe34 nHa nmuHaMOMETPHYECKOM HCIBITATEIBHOM CTCHIC. Pe3ynpTaThl MOAENHPOBAaHUS MO MaKCHMAaTbHOMY
HPOHICHHOMY PAaCCTOSHUIO 3JIEKTPOMOOMIEM Ha OJHOM 3apsijie OaTapeil COMOCTaBIIOTCS C SKCIIEPUMEHTAIbHBIMH JaHHBIMU
3aBOJA-TIPOM3BOAUTEIIS TIPU SKCILTyaTal[My MCIBITYEMOTr0 aBTOMOOWIIS B CTAaHAAPTHOM €BPOIEHCKOM e3/10BoM nukie. [Ipen-
JaraloTcs CLCHApHU MOJIETTMPOBAHMS IIPOLIECCOB Pa3rOHA C PA3IMYHBIMU PEKUMAMU YCKOPEHHS JUIsl aHAJIM3a BIMSHUS KOd]-
(UnMeHTa CueIuIeHus IHH ¢ JOPOrod Ha AMHAMIYECKUE XapaKTEPUCTUKH DIEKTPOMOOWIS M YPOBEHb NOTPeOIIsieMOl SHEep-
run. [IpuBoasATCS pe3ybTaThl KOMITBIOTEPHBIX SKCIIEPUMEHTOB 110 ONPEIEICHHIO ITOTPeOIsieMOil AIIeKTpOMOOHIIEM SHEPTiH
HPH ABWKCHUH B Pa3iIMYHBIX €370BBIX LUKJIAX C Pa3IM4HbIMU KO3(G(UINEHTAMHU CLEIUICHHS IIUH C OIIOPHOIT OBEPXHOCTHIO
JIOPOKHOTO TMOKPBITUS. IloNydeHHbIe pe3ybTaThl MOKA3bIBAIOT 3HAUUTENBHOE BIHMSHHE KOd(DOHIMEHTa CLEIUICHHS IIHH
Ha pacxof MoTpeOIIIeMOi 3IeKTPOMOOUIIEM SHEPTHH B Pa3lIMYHbBIX €3/10BBIX LIUKIAX, OCOOEHHO Ha J0POre ¢ HU3KUM KO3(]-
(ULMCHTOM CLEIUICHUS.

KnrodeBble cj10Ba: aKKyMyISITOPHBIN 3JIEKTPOMOOHIIb, TATOBBIH I€KTPOABUTATENb, TOTpedIsieMas SHeprus, KoddduuneHt
CIIEIUICHUS [IIMH C JJOPOTOif, AMHAMIKA aBTOMOOMJIS, CTAaHJapTHBIE €BPOIICHCKUE €30BbIE IIUKIIBI, KOMITBIOTEPHOE MOJIEIHPO-
BaHUeE

Jist uurupoBanus: BinsHue koohduuueHTa CLEIUICHHs IHH ¢ IO0POroi Ha MOTPeOIsIeMyr0 SHEPTHI0 U ANHAMUKY aKKY-
MYJISITOPHBIX d1ekTpomobwieii / Jle Txans Hanb [u np.] // Hayxa u mexuuxa. 2024. T. 23, Ne 2. C. 151-162. https://doi.org/
10.21122/2227-1031-2024-23-2-151-162

Introduction

Given the current air pollution, electric vehicles

ti t EC[8, 10-12].
(EVs) are currently considered as one of the solu- operaling parafeters of [ ]

energy management, vehicle’s available energy
usage [3—6], regenerative braking [7-9], and other

tions to reduce greenhouse gas emissions. Recent-
ly, many large companies have focused on deve-
loping environmentally friendly cars and have also
achieved many successes with a large number EVs
sold [1, 2]. However, the major problem with elec-
tric cars is that the distance traveled on a single
charge does not meet consumers' needs. Many
studies have been conducted on the EV's energy
consumption (EC), such as the optimization of
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Research [3] shows that the combined use of
two energy sources, namely supercapacitors and
batteries, can extend battery life. The LQG control
algorithm makes it possible to reduce the average
current during vehicle operation by 18,9 % (from
34,3 A to 27,8 A), thus reducing energy consump-
tion. However, this study did not consider the ex-
ternal condition's that influence on the Ev's energy
consumption.

Hayka
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In research [7], strategies for controlling the re-
generative braking system during vehicle mo-
vement are proposed with different objectives.
The research results show that the vehicle braking
process from a velocity of 100 km/h to a complete
stop with an optimal regenerative energy control
strategy can increase the amount of regenerative
energy by 84,4 % compared to the standard control
strategy. In addition, the braking distance was 13,2 %
shorter. This study also did not investigate the ef-
fectiveness of regenerative braking control strate-
gies under low adhesion coefficient conditions.

The research [10] shows the influence of the
driver on the energy consumption of the vehicle
through real-time data collection and analysis.
The article provides parameters to be evaluated
by driving, which evaluates and analyzes the im-
pact of these parameters on energy consumption.
Nevertheless, the research was conducted only on
roads with good adhesion coefficients. The re-
search [11] also shows the significant dependence
of the electric motor (EM) power demand and EC on
the driving styles. However, these studies have only
focused on energy issues in EVs themselves without
considering the influence of external parameters on
EC, especially the tire adhesion coefficient.

In terms of internal combustion engine (ICE)
vehicles, studies on the adhesion coefficient main-
ly focus on its influence on dynamics control
to enhance vehicle safety and efficiency [13-15],
not on the vehicle’s fuel or energy consumption in
certain driving cycles.

Therefore, this article analyzes the influence of
the tire adhesion coefficient on EV’s energy con-
sumption and dynamic characteristics when opera-
ting in different driving cycles. The research me-
thodology consists of vehicle simulation in combi-
nation with real experiments to determine the input
information and verify the accuracy of the model,
thereby enabling surveys and analysis of the EV
performance in various operating conditions.
An EV longitudinal dynamic model with all of
the EV powertrain components is built to study the
vehicle dynamics performance and energy con-
sumption in different road adhesion conditions.
Real experiments on the dynamometer are performed
to collect the input parameters for the simulation and
verify the mathematical model's accuracy. Finally,
the results of the vehicle dynamic characteristics and
energy consumption after simulating by the proposed
model on various roads with different tire adhesion
coefficients are analyzed.

Research method

Vehicle simulation model. To achieve the pur-
pose of the research the electric vehicle simulation
model (Fig. 1) was developed, which includes the
submodels of driving cycle, electric motor, traction
battery, braking system, active/passive tires dy-
namics, and vehicle body dynamics [16]. The sim-
ulation of the EV operating process by given dri-
ving cycles can be done on the proposed model.

Drivin Vehicle bod
Pedal [« & Velocity v ¥
model model
- - Sub-models
Desired velocity (calculation models)
Mot Regenerative
otor braking Parameters
model
torque
Require Battery
power Voltac?e
an i
¥ 2 Braking Braking torque
current; model
Battery State
model of
charge v
(SoC) G Slip
Motor J | Motor Active tire Of‘pacrflv“; Passive ratio of
power 7| torque model e tire model passive
tire
Traction force 4J Traction force Lopgidinal
force
| ] $

Fig. 1. Electric vehicle models
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The above EV submodels were based on [7, 17],
including the tire models to calculate the tire slip
ratio, the battery model based on SOC percentage,
the load-efficiency curve, and the relationship be-
tween the pedal signal and driving mode. Each
submodel is described as follows.

The vehicle body dynamic submodel, based on
the classic equations of ground vehicles theory,
is shown in Fig. 2. The longitudinal forces of the
vehicle (Fig. 3) include traction force F,s; F,, and
rolling resistance F,, F,. at the front/rear wheels
respectively, aerodynamic resistance F ., slope
resistance F,. with slope angle o, EV’s inertia and
are described in detail in the literature [18].

According to Fig. 3, the longitudinal dynamic
of the vehicle is expressed:

(m+m,)V =(F,+F,)—(F,+F,+F,

r_air

+F,), (1

where m and m, are respectively the EV’s mass
and the equivalent mass of the electric drive rotat-

ing parts, kg; ¥ is the vehicle acceleration, m/s’.

—

— 72 2 52
m, _E{JM +J 4 +ng1/d +J Uit b 2)

where Js, Jus Jap, Jw are the inertia moment re-
spectively of the front wheel assembly, final drive,

Rear tire traction —" Vehicle velocity |

Front tire traction

Vehicl body 1+ vl eclorain]
Rear vertical load dynamlc model
Front vertical load »| Other vehicle
dynamics
parameters

Others

Fig. 2. Body vehicle dynamic model

transmission system, and electric motor, kg-mz;
iry 1s the final drive’s transmission ratio, ug, is the
gearbox ratio.

Front and rear wheel dynamic submodels
as well as the forces acting on them are shown
in Fig. 4-7. The dynamic model of the active front
wheel can be calculated by the following equa-
tion [18]:

o

Zj

0 =Ty = F i = €7 — Ty )

where g, is the front wheel's angular velocity,
rad/s; T, T are respectively the wheel active
torque and the front wheel brake torque, N-m;
es = fiyrwn 1s the eccentricity of normal for-
ce F.r (Fig. 2) at the vehicle front wheels, m; f;
is rolling coefficient of front wheel, r,,, is dynamic
wheel radius, m.

The formula for calculating the torque from
the electric motor to the active wheel is built
as follows:

dein = ]:nalorugbngblfdnfd ’ (4)

where T, 1s the motor torque, N-m; mg, is the
gearbox efficiency; my is the final drive’s trans-
mission efficiency.

Fig. 3. The forces acting on the vehicle

Pedal — o

Slip ratio |

Active tire Motor speed |

Vehicle acceleration

model

(Front wheel) | Front tire velocity

| Vehicle velocity }—D _’|

Motor Torque }—P

> Front traction load

e | Fyp Front Brake Torque [~

Fig. 4. The forces acting on the front wheel
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Fig. 5. Front wheel model
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v Vehicle velocity

Vehicle acceleration

Rear Brake Torque

Fig. 6. The forces acting on the rear wheel

The total moment of inertia relative to the front
wheel is calculated as follows:

= tJ

PR

gb

fivh whf P+ Jmifdzughz' (5)

The rear wheel is the driven wheel, hence the
forces acting on it are shown in Fig. 6.
The dynamic model of the passive rear wheel can
be illustrated by the following equation [18]:

=F r

rwh xr’ wh

J wh Y

”

~T, +F,e (6)

zZr=r?

where J,,,;, 1s the total moment of inertia relative to
the rear wheel, kg'mz, O, 18 the rear wheel's an-
gular velocity, rad/s; e, = f,,,; is the eccentricity
of normal force F, (Fig. 2) at the vehicle rear
wheels, m; f,, is rolling coefficient of the rear
wheel.

Tire submodel. According to the automotive
theory [18], the maximum traction at the wheel is
equal to the tire adhesive force. When the traction
force provided by the electric motor acting on the
wheel is higher than the adhesive force, a part of
the traction force which is equal to the tire
adhesive force propels the vehicle forward, while
the rest is lost due to the tire slipping.

The equations for the calculation of the wheel
slip ratio during the acceleration or braking process
as well as the equations for determination of the
corresponding traction forces Fyr and F), are well-
known from the literary resource [18] and fully
described in [7].

The reference slip ratio varies for the different
tire characteristics and road adhesion conditions;
therefore, to enhance the simulation accuracy a
real-time reference slip ratio curve must be pro-
posed. The relationship between the traction coef-
ficient and tire slip ratio (Fig. 8) is determined em-
pirically [7].

Hayka
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o
Passive tire s Rear traction load
—> model
(Rear wheel) —>» Rear tire velocity
o
[

Fig. 7. Rear wheel model

1.0
0.8+
0.6-
0.4+ 7

02" / B
of !
02t /

—0.4-
—0.6
—0.8}

-1.0 . . ‘ . . .
-1.0 0.8 =06 04 -02 0 0.2
Slip ratio

Traction coefficient

04 06 08 1.0

Fig. 8. The relationship between traction coefficient
and tire slip ratio

Electric motor submodel based on the rotating
permanent magnet electric motor (PMSM) with
code number VFAAGB. The main PMSM’s pa-
rameters and technical characteristics [19] and also
the coefficients of piecewise function [17] for de-
termining the efficiency in motor/generator mode
are shown in Tab. 1 and 2.

Most electric motors are designed to run at 50
to 100 % of the rated load. Maximum efficiency is
usually near 75 % of the rated load [20]. The effi-
ciency of an electrical motor varies between 88
to 92 % for induction machines and from 93
to 95 % for synchronous motors [21].

The load and motor/generator efficiency rela-
tionship [17] are approximated by the piecewise
function:

_qx+o (

efficiency (x) 0<x<0.25);

X+c
efficiency (x) =d,.x+d,(0.25<x<7.25); (7)
efficiency (x) =¢,.x + e, (x > 0.75),

motor

where x = denotes the ratio of the motor’s

rated

mechanical power (P,,01,) to the rated power (P,4eq)-
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Table 1 Table 2
Electric motor’s parameters Piecewise function coefficient
Parameters, dimensionality Value Coefficient Motor mode Generator mode

Mass, kg 90,6 c 0,942269 0,942545
Rated torque, N-m 160 1) 0,000061 0,000067
Time to reach the peak motor power, s 3 c3 0,006118 0,006732
Rated efficiency, % 97 d; 0,060000 0,057945
Rated power, kW 75 d, 0,905000 0,904254

e 0,076000 0,066751

e 1,007000 1,002698

Obtained by equation (7) the load-efficiency
curves in motor and generator modes are shown
in Fig. 9.

The electric motor’s maximum torque (7inax)
is presented as a function of the angular velocity.
In most cases, when the motor’s angular velocity
is small, the torque is at the maximum and constant
value. When the electric motor reaches the angular
velocity limit (w.), the torque starts decreasing.
In a PMSM, the torque decreases linearly with the
increase of the angular velocity. The motor’s
torque is reduced while the motor’s power remains
unchanged [22, 23].

reaches the maximum value 7, = Tp.. When
the electric motor’s angular velocity is higher than
the limit (o > ®.), the motor torque is inversely

. T o
proportional to the motor speed 7, = <.

®

The electric motor drive characteristics and
also its angular speed determination diagram
are shown in the Fig. 10, 11.

The motor torque varies non-linearly according
to each driving mode (Eco, Comfort, Sport) and
depends on the accelerator pedal position (P;,).
Assuming the relationship between P;, and Tp.x
is a quadratic function:

. .. 2
When the electric motor’s angular velocity is T oior = (aEn +bP, +C)Tmax‘ (8)
lower than the limit (o <w®.), the motor torque
_ 100 & 100
\\O\ S
< 90 g 90
g 3
2 80 S 80
= ks
g 70 5 70
= <]
£ 80 g 60
S =1
= O
50 O 50
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Load ratio Load ratio
Fig. 9. The electric motor load-efficiency curve
180 80
160 70 True False
140
— —— Torque 60
=120 g
E — Power 50 =
< 100 =
= 40 =
g % B
E 40 30 8
10 % T = T =g
20 10 ®
0 0
0 2000 4000 6000 8000 10000 12000 14000 16000
Motor Speed » (rpm)
. . Fig. 11. The PMSM angular speed
Fig. 10. The PMSM drive characteristics & L e p
determination diagram
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T
Assuming: —2°"=%T

max *
max

Therefore: %I, =a(P, )2 +bP,+c. (9

In order to obtain the coefficients a, b, and ¢ in
different power unit driving modes, the real experi-
ments on the dynamometer were conducted, the
results of which are shown in this paper below.

Regenerative braking and battery submodels.
During regenerative braking, the electric motor
performs as a generator, converting the vehicle's
kinetic energy into electrical energy, which is re-
charged in the EV battery. The regenerative brake
model (Fig. 12) is built based on [7].

The traction accumulator battery model is built
based on the documents [7, 17]. The battery equi-
valent circuit (Fig. 13) does not directly model the
chemical characteristics inside the battery system,
but it simulates the overall battery operation to cal-
culate approximately the battery output parameters.

The driving cycle submodel provides the pedal
signal by PID controller (Fig. 14). The driving cycle

data are the standard driving cycles according
to European standards with the following infor-
mation: speed versus time, acceleration, and distance.
These driving cycles are used to evaluate the EV’s
operating efficiency through energy consumption.

The input signal of this submodel (the variation
between the desired and actual vehicle’s speed)
is processed in PID regulator to produce an output
signal for simulating the driver’s accelerator posi-
tion with a value ranging from —1 to 1 correspon-
ding to the combination of the actual acceleration
signal (from 0 to 1) and the actual braking signal
(from —1 to 0).

Dynamometer test results and mathematical
model verification. Real experiments with Vin-
Fast Vfe34 passenger electric vehicle on a dyna-
mometer test bench were carried out to determine
the EV model input parameters and verify the math-
ematical model accuracy. Main vehicle technical
specifications [19] are presented in Tab. 3, where
the EV’s mass center position was determined in the
Automotive Dynamics Laboratory of the Hanoi
University of Science and Technology (Vietnam).

‘ Pedal }_. ™| Front Brake Torque R 2
‘ Vehicle velocity }—b Braking model = Rear Brake Torque ‘ ‘w ) bc
Em
‘ Motor Torque }—p L, Regenerative Braking
Torque

Fig. 12. Braking model

P Kye(t) |

Desired speed Z e(t) u(t)

I K J:e(r)dr -

de(t)
Actal speed b K dt

Fig. 14. Driving cycle submodel

Hayka
wTexHuKa. T. 23, Ne 2 (2024)

Fig. 13. Battery equivalent circuit:
R, — internal resistance; E,, — open circuit voltage,
DC — battery direct current

Pedal signal

Table 3
Technical specifications of VFe34-2020
Parameters Value
Curb weight, kg 1490
Wheelbase, mm 2610.8
Overall dimension (LxWxH), mm 4300x1768x1613
Tire code 215/45R18
Gearbox transmission ratio 10.42
Motor rated power, kW 75
Motor rated torque, N-m 160
Battery type Li-on
Battery capacity, kW-h 41.58
Battery nominal voltage, V 400
Battery amperage, A-h 103.38
Gravity center/front axle distance, m 1.118
Gravity center/rear axle distance, m 1.493
Height of gravity center, m 0.649
157
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The EV motor characteristics in different ope-
rating modes (Eco, Comfort, Sport) are determined
on the AHS MULTIFLEX EASY dynamome-
ter [24]. This stand allows the operator to adjust
the wheel’s drag power and to measure the drive
wheel’s velocity and tractive force (F) according
to different accelerator pedal positions:

T _ E‘c wh (10)

motor ~ . H

m

where F, is the traction force at the wheel, N;
i, n are the gear ratio and the efficiency of the
transmission system; r,,, is the wheel radius, m.
Such experiments were conducted in different
operating modes (Eco, Comfort, Sport) with two
pedal positions of 50 and 100 %. The results of
experiments (Tab. 4) were used for determination
with the help of equations (8)—(9) of the relation-
ship between the accelerator pedal position and
motor torque in different driving modes (Fig. 15).

Table 4
Torque parameters of the electric motor

Eco Comfort Sport

T, Tonotor Tootor
Pin ]’G(_);::’ %Tmax Pin ],C]?:,;’ %Tmax Pin ],\n;.);:’ %Tmax

05| 34 0.213 0.5 52 0.325 10.5| 139 | 0.869
1| 160 1 1| 160 1 1| 160 1

In order to verify the above-mentioned model’s
accuracy, some experiments were carried out
to measure the power and longitudinal force on
the wvehicle's drive wheels at different driving
speeds [24]. Then, these measurement results are
compared with the simulation results to evaluate
the model’s accuracy.

Since the experimental devices cannot simulate
the inertial force acting on the vehicle, the experi-

ments are performed in the zero inertial resistance
condition or, in other words, at the constant velo-
city. The air and rolling resistance are constant and
the slope resistance varies, but the total drag force
at the constant speed in both simulation and expe-
riment must be equal.

90 %Tinw =—1.475(Pin)’ +
80 +2.475(Pin)

60 Vo Tmax = 0.7(Pin)’ 4
0.3(Pin)

% T pax = 1.15(Pin)’
30 —0.15(Pin)

Traction coefficient
W
S

0 1.0 02 03 04 05 06 07 08 09 1.0
Pin

Eco Comfort Sport

Fig. 15. The electric motor characteristics
in several driving modes

During the different operating modes (Eco,
Comfort, Sport) the accelerator pedal is held
at 50 %, according to the data obtained from
the OBD-II communication port, and the wheel
load varies to achieve the desired speed. The simu-
lation and experimental results are shown in Tab. 5.

The experimental and simulated results show a
large deviation (letter than 10 %) when the vehicle
is running in the SPORT mode, and this deviation
increases as the vehicle velocity gets higher. This
is due to the slip on the dynamometer’s rollers
when the motor generates high torque and power.
In the other driving modes, the deviation between
the simulation and the experiment’s results is low
and does not exceed 4 % thus ensuring the accu-
racy of the EV model and its reliability for future
research.

Table 5
Simulation and experimental results
Operating V, km/h F, N P, kW
modes Simulation [Experiment| Error (%) | Simulation | Experiment | Error (%) | Simulation | Experiment | Error (%)

75.94 76 0.08 640.2 640 0.03 13.50 14 3.54

Eco 62.20 62 0.32 779.1 800 2.61 13.46 13.8 2.46
53.80 54 0.37 897.9 900 0.23 13.42 13.8 2.76
77.90 78 0.12 1023 1000 2.30 22.14 22 0.64

Comfort 60.80 60 0.45 1302 1300 0.15 21.99 22 0.05
51.24 51 0.47 1448 1400 3.43 20.60 20 3.05
81.66 82 0.41 2254 2460 8.37 51.10 56.0 8.75

Sport 66.80 67 0.30 2760 2950 6.44 51.20 54.9 6.72
46.70 47 0.64 3780 4050 6.67 49.00 52.9 7.26
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Besides, the EV model’s accuracy was eva-
luated by comparison in terms of the NEDC vehi-
cle driving distance at a full battery charge in
simulation mode and real experiments. According
to VinFast technical information [25] passenger
electric vehicle VF e34 can travel in the NEDC
a distance of 285 km on a full battery state of char-
ge (100 % SOC). In order to measure the maxi-
mum VF e34 driving NEDC distance the simula-
tion was repeated many times until the battery’s
SOC dropped up to 0 %. The results of such an
experiment show a small deviation of less than 5 %
between the NEDC driving distance of 272,14 km
in simulation mode and VinFast manufacturer’s
claim of 285 km, which confirms the high accura-
cy of the EV model. Hence, this model is reliable
for performing further vehicle evaluation.

Simulation results

The proposed EV model is used to analyze
the influence of the adhesion coefficient on the EV’s
energy consumption and driving dynamics in the
following cases: acceleration based on RAMP-pat-
tern [26] or operation in standard driving cycles.

Acceleration based on RAMP-pattern. The
EV’s acceleration from 0 to 100 km/h with dif-

ferent RAMP levels () in Comfort driving
mode with different road adhesion coefficients
of 0.3, 0.5, and 0.8 were investigated. In this case,
the time 7., required to increase the accelerator
level from 0 to 1 was varied in the range from 2
to 16 seconds with 2-second intervals. The adhe-
sion coefficient’s influence on vehicle dynamics is
analyzed based on 2 criteria: acceleration time and
energy consumption. The simulation results of the
acceleration tests with different adhesion coeffi-
cients are shown in Fig. 16, 17.

As can be seen from the research results the ac-
celeration time required for the vehicle to reach
100 km/h increases with the rise of the RAMP
step (tyamp). However, the vehicle consumes less
energy as the RAMP step increases. On the roads
with a high adhesion coefficient of 0.8 the acce-
leration time difference between extreme RAMP
values is approximately 10 s, which is 56.4 % (the
acceleration time is 16.2s with 2 s-RAMP step
and 25.34 s with 16 s-RAMP step). In this case,
from the point of energy consumption view,
there is no significant difference in terms, on-
ly 0.07 km/(kW-h), which is 8.0 %. This shows
that under conditions with a high adhesion
coefficient, the RAMP step shows less impact on
the EV’s energy consumption.
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Fig. 16. Energy consumption comparison chart at RAMP-pattern EV acceleration
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Fig. 17. Acceleration time comparison chart at RAMP-pattern EV acceleration
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On roads with a low adhesion coefficient
of 0.3, in which the wheels are prone to slipping,
the wvariation of acceleration times between the
lowest and highest RAMP steps are almost halved
of those in a high adhesion coefficient condi-
tion (acceleration time in 2 s-RAMP step is only
about 5.3 s longer than 16 s-RAMP step, correspon-
ding to 18.1 %), but the energy consumption is twice
as high as that in the high adhesion coefficient condi-
tion, at 0.14 km/(kW-h) (corresponding to 21,5 %).
This shows that under the low adhesion coefficient
condition, the accele-ration method does not have
much influence on the acceleration time.

The above test results are fully compatible with
the laws of physics when vehicles run on roads
with different adhesion coefficients.

Road adhesion coefficient impact on EV’s en-
ergy consumption in different driving cycles. The
time-speed graph of the standard driving cycles
[27, 28], such as HWFET, ArtURBAN, NEDC and
NYCC, are presented in Fig. 18. The characteristic
parameters [29] of the above driving cycles are
shown in Tab. 6.

Based on the above presented information the
EV’s energy consumption in different standard
driving cycles was investigated in order to evaluate
the EV’s energy saving capability in Comfort
driving mode with different adhesion coefficients.
The simulation results of the energy consumption
rate are shown in Fig. 19.

The research results shows that on the road
with a high adhesion coefficient of 0.8 the low tire
slipping ratio occurs. Hence, the energy consump-
tion slightly changed under different driving cy-
cles, ranging from 6.06 to 6.53 km/(kW-h). Thus,
the EV’s energy economy is stable under different
operating conditions.

On roads with low adhesion coefficients of 0.5
and 0.3, the energy consumption rate dropped sig-
nificantly in the inner-city driving cycles (NYCC
and ArtUrban). On the road with an adhesion
coefficient of 0.5 the energy consumption is half of
that in the high adhesion coefficient. On the road
with an adhesion coefficient of 0.3 the energy
consumption is even lower, about one-fifth of that
in the high adhesion coefficient. In contrast, in the
high-speed driving cycles (HWFET and NEDC),
the energy consumption is similar to those in the
high adhesion coefficient condition.

The variation in the energy consumption in the
NYCC and ArtUrban when varying the adhesion
coefficient can be explained as follows: Those
urban driving cycles have low average speed,
velocity ratio and high acceleration characteristics
(Tab. 6), so the RAMP steps are small at each
acceleration and braking, which means that the
vehicle operates under continuous acceleration
and braking conditions. At this time energy is
consumed due to the tire slipping when the road’s
adhesion coefficient is low.

100 HWFET 150 NEDC
< 80 <
g o £ 1000
z 2z
R £ 500
2 20/ — 2
0 100 200 300 400 500 600 700 0 200 400 600 800 1000
Time, s Time, s
50 HYCC 60 ArtURBAN
= 40- < i1 I| il l\ f
g g 40l ! ‘ ol
< 30 —%4Ov»fu| ‘ VA A '
s £ o UL AR W UL
10} VA ‘ |
g ' ‘ g Lﬁ’ L ML ‘Al‘ \“ il I I “
0 100 200 300 400 500 600 200 400 600 800 1000 1200 1400 1600 1800 2000
Time, s Time, s
Fig. 18. Survey driving cycles
Table 6
Characteristic parameters of the standard driving cycles
Drivine Cvele Average velocity Root-mean-cube Velocity Characteristic acceleration
gLy Vive M/ velocity V..., m/s ratio A 4, m/s>
NYCC 3.16 5.73 1.81 0.293
HWFET 21.45 2222 1.04 0.069
NEDC 9.18 14.89 1.62 0.112
ArtURBAN 4.90 7.93 1.62 0.313
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Fig. 19. Energy consumption rate at different driving cycles

In the high-speed driving cycle (HWFET) the
first acceleration phase is a small RAMP step,
while the rest of the driving cycle shows stable
acceleration and speed, hence the energy consump-
tion is independent of the road adhesion coeffi-
cient. In the NEDC cycle, although acceleration
and braking are frequent, the tire slipping occurs
less frequently, even in the low adhesion coeffi-
cient due to high RAMP steps. Therefore, high
energy consumption is achieved even in low adhe-
sion coefficient roads.

CONCLUSIONS

1. The EV model with different driving modes
was built and its results were compared with the
empirical data for the model’s verification. The
error between the simulation and experiment in
terms of the driving distance in NEDC is less than
10 %, and those errors in terms of tire dynamics
are less than 4% with ECO driving mode and less
than 9 % with SPORT driving mode. These afore-
mentioned number ensures the model’s accuracy
and its possibility for further research about the
vehicle dynamics and energy efficiency compari-
son with different tire adhesion coefficients with-
out conducting complex experiments.

2. Simulation results show that on a road with a
high adhesion coefficient of 0.8 the acceleration
time from 0 to 100 km/h depends heavily on the
driver’s depression intensity on the accelerator pe-
dal, with a maximum variation of up to 56.4 %;
however, the energy consumption is less dependent
on the acceleration time, with the maximum varia-
tion of 8.0 %. In contrast, on a road with a low ad-
hesion coefficient, the acceleration time is less de-
pendent on the driver’s depression intensity on the
accelerator pedal, with a maximum variation of up
to 18.1 %; however, the energy consumption

[ Hayka
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is more dependent on the acceleration time,
with the maximum variation of 21.5%, which
is twice more than that on high adhesion coef-
ficient road.

3. On standard driving cycles with high traction
coefficients, there is not much difference in energy
consumption, which shows the stable operation of
EVs in different traffic conditions. On driving cy-
cles with high braking frequency and acceleration,
such as NYCC and ArtURBAN, the energy con-
sumption fluctuates considerably to the decrease
of the adhesion coefficient, with a maximum varia-
tion of five times; however, on the driving cycles
with low braking frequency and acceleration, such
as HWFET and NEDC, there are no significant
changes in the energy consumption.

Funding: This research was funded by the Ha-
noi University of Science and Technology, grant
number T2023-PC-023.
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