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ELECTRIC VEHICLE ENERGY CONSUMPTION TAKING
INTO ACCOUNT THE ROUTE TOPOLOGY

Purpose. Determining the impact of the route topology factor on the costs of mechanical work of an electric vehicle is the main
task of this work. The impact is determined by calculating the costs of mechanical work during the movement of an electric vehicle,
taking into account energy recovery. The task also includes assessment of the forces acting on an electric vehicle using the example

of the 2014 Nissan Leaf AZEO.

Methodology. The paper uses a mathematical model that estimates the amount of mechanical work required to overcome one
of the chosen routes, taking into account energy recovery. Evaluation is performed using the most common standardized cycle

WLTC class 3b.

Findings. The result of the research is a developed mathematical model that will allow one to effectively estimate the amount
of mechanical work to overcome the given route and the possible recovery energy. The proposed method makes it possible to de-
termine the most economical route from the starting point to the destination, taking into account the cost of mechanical energy.

Originality. A description of the main components affecting the consumption of electricity is given, taking into account the full
picture of the forces acting on the electric vehicle during movement.

Practical value. The obtained results are of practical importance for choosing the most optimal route of the electric vehicle,
which contributes to the efficient use of energy. The proposed technique can be used in practice to plan routes from the point of

view of maximum energy recovery.

Keywords: electric vehicle, route topology, energy recovery, optimal route, energy efficiency, WLTC

Introduction. The purpose of this study is to evaluate how
the topology affects the mechanical energy consumption of
the 2014 Nissan Leaf AZEO electric vehicle during operation,
taking into account the complex of forces that act on it during
movement and its ability to recover energy mode. Through the
use of a mathematical model, the purpose is to measure the
potential mileage on a single charge of an electric vehicle
through various alternative routes with the intention of deter-
mining the most energy-efficient option.

As a result of this study, a mathematical model was devel-
oped, which allows estimating the mechanical work required for
the passage of specific routes, including energy recovery accord-
ing to the standardized WLTC class 3b cycle. The proposed com-
putational approach facilitates the selection of a route to reach
the destination by determining the most energy-efficient one.

The study outlines the main factors affecting electricity
consumption, taking into account the whole spectrum of
forces acting on an electric vehicle during operation. Using a
mathematical model, the influence of the topology on the
mechanical energy consumption of the 2014 Nissan Leaf
AZEO was evaluated by determining the average mechanical
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resistance force relative to the angle of inclination of the
road. In addition, the work required to overcome two alterna-
tive routes was calculated, taking into account the energy re-
covery mode.

Literature review. Electric vehicles (EVs) are divided into
battery electric vehicles, fuel cell electric vehicles and extend-
ed range electric vehicles, which use a secondary power source
either to charge the battery or to power the power plant — an
electric machine.

Compared to conventional combustion engine vehicles,
electric vehicles produce fewer emissions, are more efficient,
and produce less noise. However, all-electric vehicles cur-
rently face significant challenges, including battery size and
weight, short range on a single charge, and long charging times
[1, 2]. All this creates significant obstacles for the widespread
adoption of electric vehicles.

The main components of the electric vehicle transmission
are the electric machine, the electric control unit, the battery,
the battery management system, the DC/AC inverter, the
DC/DC converter and the regenerative braking system. The
traction electric motor is controlled by an electric control unit.
It receives signals from the driver via the accelerator pedal,
brake pedal, etc., as well as feedback signals from sensors, such
as the speed and acceleration of the electric vehicle.
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The regenerative braking system is designed to utilize most
of the braking kinetic energy that occurs when the brake pedal
is pressed.

Regenerative braking and frictional braking are usually
used in electric vehicles. When deceleration is not usually
abrupt, electric regenerative braking is used. Friction brakes are
used for the sharpest decelerations. The interaction of recu-
peration and friction braking occurs under the influence of the
control unit and this interaction is different for different types
of electric vehicles [3]. The possibility of recuperating braking
energy is a good feature of motor vehicles with electric traction,
because it allows you to effectively use the resulting conversion
of kinetic braking energy into electric energy to increase the
mileage of electric vehicles on one battery charge [4, 5].

The influence of various factors on the process of recuperat-
ing braking. The recuperation process takes place in an electric
vehicle exclusively in the braking mode, when the necessary
reduction of the electric machine’s power supply voltage from
the AC/DC inverter in relation to its EMF leads to a change in
the direction of the current.

Since braking occurs after a certain acceleration, the elec-
tric drive of an electric vehicle has a speed and current control
system that ensures the stability of the dynamic moments of
acceleration and braking at the level specified by the driver.
Thus, the level of recuperation energy depends on the dynam-
ic modes of motion of the electric vehicle. In this connection,
there is a problem of taking into account the recovery energy to
increase the inter-charge cycle of the battery, since the dy-
namics of traffic depends on many factors.

To determine the amount of fuel consumed, as well as
greenhouse gas emissions in the world, a number of standard-
ized tests are used, which are carried out on a dynamometric
installation. One of the most common are The Worldwide har-
monized Light vehicles Test Cycles (WLTC) [6, 7], cycles,
which are intended for light vehicles and are used in particular
to evaluate the consumption of electricity by electric vehicles.
The WLTC cycles are part of the Worldwide harmonized Light
vehicles Test Procedures (WLTP) published in Global techni-
cal regulation No 15 (GTR 15) [8], which is an agreement to
introduce global technical regulations for wheeled vehicles,
items of equipment and parts that can be installed and/or used
on wheeled vehicles.

Currently, the following standardized cycles are used in
the world to estimate fuel consumption, the level of CO, emis-
sions, as well as mathematical modeling of the processes oc-
curring in vehicles: NEDC UDDS; HWFET; UDDS; FTP;
WLTP, WLTC, etc.

Estimation of energy consumption for the movement of an
electric vehicle occurs in different ways. Analyzing the scien-
tific literature, the authors [9] classified the methods for calcu-
lating the energy consumption of electric vehicles into three
main categories: 1) analytical; 2) statistical; 3) computing
based on artificial neural networks. In [9], it is stated that ana-
Iytical models are based on vehicle dynamics along its path
and transmission efficiency and can be used to estimate energy
consumption during a trip for eco-route planning. Statistical
models are based on real-world driving data to understand and
derive empirical relationships between the energy consump-
tion of an electric vehicle and various factors affecting its con-
sumption. Computational models based on artificial neural
networks were created to estimate the relationship between the
energy consumption of an electric vehicle and the factors af-
fecting consumption.

In the article [9], a mathematical model created by Sims-
cape tools in MATLAB, combined with New European Driv-
ing Cycle (NEDC) test cycles, is also used to solve the issue of
replacing a classic internal combustion engine (ICE) to an
electric motor (EV). According to the results of the study, it
turned out that such a replacement leads to a significant reduc-
tion in fuel consumption, which makes the system using EV
15—19 % more efficient. The NEDC cycle is used for the cal-

culation for both proposed systems based on different types of
engines, which is appropriate because the standardized cycles
serve as a universal means of estimating energy consumption
for passenger vehicles.

In the work [10], they dealt with the issue of designing
electric machines for electric vehicles based on driving sched-
ules. The UDDS and HWFET cycles were chosen to simulate
typical urban traffic conditions. UDDS simulates a typical
driving cycle within the city limits of a passenger vehicle that
moves at relatively low speeds of 25—60 km/h. According to
the article, this mode results in a significant amount of regen-
erative braking power due to many decelerations. The HWFET
loop has only a few delays, which provide low regenerative
braking power relative to the UDDS. In turn, the US06 cycle
includes sharp accelerations and decelerations, as well as a
high-speed cruising course during the cycle (the average speed
is — 77.9 km/h). The authors of the article claim that the pro-
posed mathematical vehicle model based on the Nissan Leaf’s
80kW IPM machine provides a useful approach for estimating
the instantaneous power and energy consumption of an elec-
tric vehicle with different designs of electric machines. The ap-
plication of different driving cycles (UDDS, HWFET, US06)
in the model makes it possible to investigate how changes in
driving conditions (motion tachograms) contribute to the use
of different types of machine designs and how they can be
modified in order to increase the range of an electric vehicle.

In the article [11], a simplified mathematical model of the
powertrain for the electric vehicle Nissan Leaf 2012 was devel-
oped using roll parameters, published by the Environmental
Protection Agency (EPA), for modeling vehicle loads and us-
ing data from Argonne National Laboratory (ANL) to validate
the model needed to calculate energy for traction and braking.
Model results are compared with experimental UDDS data
published by ANL. The model assumes that all available re-
generative energy is returned to the battery if the regenerative
power level is 20 kW or less. The authors demonstrated a high
correlation, within 1—3 %, between model predictions and ex-
perimental data regarding: range, fuel economy, and fuel con-
sumption predictions.

Purpose. Thus, the analysis of the literature showed that
most researchers consider the issue of energy consumption of
electric vehicles from the point of view of its evaluation and im-
provement of the efficiency of energy use. However, there is
another factor that should be taken into account for the analysis
of energy efficiency and prolongation of the inter-charge cycle
of an electric vehicle — the effect of the recuperation process.

The effect of the recuperation process can play a significant
role in the operation of an electric vehicle such as an electric car
with significant fluctuations in the height of ascent and descent
along the route of movement. With a limited range on one charge
and a long charging time, the topology of the route will critically
influence its choice from one charging station to another.

Compared to what has already been done in the world, this
paper proposes a mathematical model for predicting the costs
of mechanical work in order to choose a more energy-efficient
route among several possible options, taking into account the
topology of the area.

Methods. Mechanical traction force and resistance forces of
an electric vehicle. The mechanical power of an electric vehicle
is determined in the same way as for a conventional vehicle,
namely, with the help of the resulting forces acting on its
wheels when moving at a constant speed (cruise mode), ac-
celeration (acceleration mode), braking (braking mode), in
the direction of movement while ensuring the stability of the
electric vehicle on the road [9, 12]. At the same time, the sta-
bility of the electric vehicle is ensured by the zero resultant
component of the moments of forces that arise relative to the
height of the center of gravity of the support points of the front
and rear wheels when moving uphill or downhill [13, 14]. At
the same time, in this case, the stability of the electric vehicle
on the road when entering a turn is not considered.
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Fig. 1. The load on the electric vehicle when moving uphill

In accordance with these conditions, consider the follow-
ing picture of the forces acting on the electric vehicle when it
moves up (Fig. 1).

Definition of forces, geometric dimensions and other vari-
ables of Fig. 1 is presented in Table 1.

For the movement of an electric vehicle downhill, the pic-
ture of the distribution of operating forces is presented in
Fig. 2.

Maximum mechanical traction force. According to Figs. 1
and 2, the maximum possible mechanical traction force F,,
which ensures the movement of the electric vehicle, consists of
the traction force of the front Fj, and rear F;, wheels

Fi=Fy+ Fy; (1
Fy= ek (2)
Flr: Manra (3)

where py, p, are the friction coefficients for the front and rear
wheels, respectively.

In general, p,# p,, but if we do not take into account slip-
page, then these coefficients can be considered equal (1—3).
According to [12], the ranges of changes in friction coefficients
are determined by climatic conditions and slip coefficients of
the front s, and rear s, wheels. If we consider the radii r, and
angular velocities o, of the front and rear wheels to be the
same, then the slip coefficients will also be the same and will
be determined as.

Table 1
Definition of variables

Definition

P, | Vehicle mass

h, | The height of the center of gravity of the vehicle

I+ | The distance between the front axle and the center of gravity
of the vehicle

I, | The distance between the rear axle and the center of gravity
of the vehicle

V, | Vehicle speed

F,, | Aerodynamic resistance

F,; | Normal force on the front tires

F,, | Normal power on the rear tires

Fig. 2. The load on an electric vehicle when it is moving downhill

s, =120 4)
L d('ov
Then, according to [12], when s, < 0.2, (4) the ranges of
changes and the average value of the friction coefficient de-
pending on climatic conditions can be presented in Table 2.
The normally acting forces of the front F,, and rear F,,
wheels included in formulas (2, 3) are determined by the zero
resultant moments of the forces acting with the shoulders rela-
tive to the support points of the front and rear wheels when
moving uphill or downhill [12]. When moving up we have.

_ ~F,h,~F,h,+ P,cos®O)L,, —(m,a,)h,

F, = ; 5
o L+, )
F - Fh, + F,h,+ P,cos(0),, +(m,a,)h, . ©)

Ly+1,

‘When moving downhill
—Fh, + F,h, + P cos(0),, +(m,a,)h,

F, = ; 7
, L ™
Fo- F.h, = F,h,+ P,cos(0)l . —(m,a,)h, . ®
Lp+l,

The sum of forces according to formulas (5, 6) or (7, 8)
determines the normal component of the electric vehicle’s
gravity.

an+ Fnr=Pv COS(G), (9)

where 0 is the angle of inclination of the path surface.
Normal component of the electric vehicle’s gravity deter-
mined by (9).
If the coefficients of friction for the front and rear wheels
are equal p,= p, = p, we get the equation

F,=pP,cos(9). (10)

Equation: for determining the maximum mechanical trac-
tion force (10).

Resistance forces. Rolling resistance. The constantly acting
force of resistance to the movement of an electric vehicle on
the road is the force of resistance to rolling [15]. It occurs when
the tires interact with the road surface. At the same time, a
certain surface of interaction is created due to the crumpling of
the tires under the weight of the electric vehicle, when the air

Fy | Longitudinal traction forces on the front tires Table 2
F, | Longitudinal traction forces on the rear tires The value of the coefficient of friction
£y | Rolling power Climatic conditions of the route Wy Average
F, | Friction resistance of the front wheels value
F,, | Friction resistance of the rear wheels Normal 0.9-1.0 0.95
0 | Angle of inclination of the road Rain 0.65—-0.85 0.75
o,; | Angular speed of the front wheels Snow 0.275-0.3 0.29
,. | Angular speed of the rear wheels Ice 0.09-0.11 0.1
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pressure in the front part of the tire is greater than in the rear
part. This effect actually shifts the normal pressure force on
the wheel F, relative to the theoretical point of resistance by
the amount b (Fig. 3).

F,= F,E, cos(0), an

where &, = b/r,; r,is the effective radius of the wheel.

Thus, the amount of normal pressure at the theoretical
point of contact will decrease by the amount of cos(6), and the
rolling resistance force F, (11) will be determined by the rolling
resistance coefficient €, [12].

Fr: Frf+ Frr = (Fnjgrf+ Fan,srr) COS(G). (12)

Accordingly, for an all-wheel drive electric vehicle, we
have the total rolling resistance from the front axle F,,and the
rear axle F,,. of the wheels, taking into account that the coeffi-
cient &, is different for the front and rear axles (12).

Air resistance. The force of air resistance occurs during the
movement of an electric vehicle in any case, since there is an
opposite movement of air in relation to the vehicle at the same
speed. The presence of wind speed [9] increases or decreases
the drag force depending on the direction of the wind.

1
Fw:EpSveCd(Vv-i_Vw)z’ (14)

where p = 1.276 kg/m? — air density; S,, — the effective frontal
area of the electric vehicle, m?; C, = 0.24—0.31 — the coeffi-
cient of aerodynamic resistance of a modern car; V,, — wind
speed.

The general formula (14) that takes into account the effect
of air resistance has the form [12, 13].

Rolling power. The rolling force is the force of motion resis-
tance only in the case of the electric vehicle moving upwards.
This force is the horizontal component of the machine’s grav-
ity in relation to the trajectory of movement and depends on
the angle of inclination of the path.

F, = P, sin(6). (15)

P
The rolling force is determined by the equation (15).
In the case of an electric vehicle moving downhill, the roll-
ing force becomes the driving force and helps the movement.
Mechanical traction force to provide acceleration. According
to Newton’s second law, the acceleration of any physical body
is determined by the resultant forces acting on it [16]. Accord-
ingly, for the movement of an electric car with acceleration:
- uphill
E_Fp/_Fw_E:mvav; (16)
- downhill
E+F;;I_Fw_Fr:mvava (17)

where a, is acceleration; m, = P,/g — mass of the electric vehi-
cle; g=9.81 m/s%.

Conditions for providing the necessary mechanical traction
Jorce. Acceleration according to equations (16 and 17) is pos-
sible only under the condition that the mechanical traction
force according to these formulas does not exceed the maxi-
mum traction force according to formula (10), i.e.

WP, cos(0) > F,+ F, + F,+ m,a, (18)

Fig. 3. Tire rolling resistance

Taking into account the formulas (13—15), we have for
driving uphill

1
P 0)> P sin(0)+—pS. C,(V,+V. )+
H vcos( ) vSln( ) 2p ve d( v w) (19)

+PE, cos(0)’ +m,a,.

It is obvious that if the condition (19) is fulfilled for driving
uphill, then for downhill movement, when the rolling force
helps the movement, this condition is fulfilled all the more.

uF, > P, sin(6) +%pSde(VV +V,)*+ Fg, cos(0)* + m,a,, (20)
where F, = F,,— for the front axle; F, = F,, — for the rear axle.

In the case when one of the bridges is the driving one, the
condition for providing the necessary mechanical traction
force worsens (20).

Work of mechanical traction force. From the previous con-
siderations, it is clear that the mechanical traction force of an
electric vehicle changes when the driving mode is changed [17,
18]. Moreover, cruise mode, acceleration or braking modes
depend not only on the driver’s driving style, but also on the
infrastructure of the route (availability of traffic lights, round-
abouts, intersections, pedestrian crossings, traffic jams, etc.)
and its topology. To determine the influence of the route to-
pology on the consumption of mechanical energy of the elec-
tric drive of an electric vehicle, we will consider in general the
i" segment of the route uphill (Fig. 4) and downhill (Fig. 5).

The notation for Figs. 4 and 5 is presented in Table 3.

According to Figs. 4, 5 and Table 3, the following equa-
tions can be written.

L= L, + Ly @1
L, = L’i/(a) + L’i/(x) + L’i/(b); (22)
L= le(a) + LiD(s) + Lil)(b); (23)
Ly =Ly = Lyy = Ly (24)
LiD(s) = LiD - LiD(a) - Liz)(by (25)

The work of the mechanical traction force on the i seg-
ment of the route will consist of the sum of the work of the
corresponding traction forces on all sections of the route,
which are determined by formulas (21-25).

Ay = Fyao Ly * EvLvs + FrowLvws (26)
Ap = F payLnw + F.oy L) + F.owy Loy 27)
A=Al + Ap. (28)
i
v, U 3
S s
,.13 ..L:
5 >
.~3a ':QD
Vo Vi
i i i
tU(a) . tU(s) tU(b)

Fig. 4. A fragment of the route of the electric vehicle uphill
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Fig. 5. A fragment of the route of the electric vehicle downhill

Table 3
Designation of the i segment of the route

L The length of the route uphill

Ly, | The length of the route uphill with acceleration
LZ( » The length of the route uphill with braking
Lli/(:) The length of the cruise mode uphill

(7 Angle of rise

H|, | Height of rise

L, The length of the route downhill

Ly | The length of the route downhill with acceleration

Ly, | The length of the route downhill with braking

Ly, | The length of the cruise mode downhill

o’ Angle of descent

Hi, | Height of descent

If we assume that the values of accelerations and decelera-
tions are constant, then we can present the segments of the
route with acceleration and deceleration due to speeds (26—28).

i V-0

U(a) — 24! v ’
W) =)
fo =g
vw,U
oL -
P
v,D
o=
oo =",

where ai,U, ai, p are acceleration on the i segment of the

route on the ascent and descent, respectively; bi,w b£, p— de-
celeration on the i segment of the route on the ascent and

descent, respectively; Vv’}} is the speed of the electric vehicle
before climbing the i” segment of the route; Vvi,U — the maxi-

mum speed of the electric vehicle after acceleration on a climb;
Vv’}} is the speed of the electric vehicle after braking on a
climb; Vvi,_1; is the speed of the electric vehicle at the beginning
of the descent; Vv’ p— the maximum speed of the electric ve-
hicle after acceleration on the descent; Vv’j)l is the speed of the
electric vehicle after braking on the descent — the initial speed
of the next i + 1 segment of the route.

Traction forces included in equations (26—28) are de-
scribed by formulas (13—17) taking into account the character-
istics of each fragment on the i segment of the route

F

i _ i i i i
Wy =Fpuu+ Fovw+ oy +ma,y;

yy
EfU(s) = F;f[,u + Ful;,l/(s) + Fr[,U;
Flow=Fup+FouetFu
E{D(a) = _F,fl,z) + F»i,D(a) + Fr{D + mvai’D;
F

Yo =—Fupt sy T Fps

F

0wy =Ep 0+ E py + Ep —m by .

The forces of air resistance [19] during the period of ac-
celeration and braking are taken into account by the average
value of the speed on the corresponding sections of the route.

If the uphill route has a constant slope and consists of n =
=a + s + b links, where a is the number of acceleration links;
b — the number of deceleration links; s — the number of links
with a constant speed, then the total mechanical work for up-
hill movement is determined by the following formulas

Ay = AL+ AL+ AY;
Al = P, L, sin(0);

Ap = L&, cos(0) + Y al Ly

i=1

a K b
Ay = Zkfv,U(a)LlU(a) + Zk:v,U(s)LIU(s) + Zk‘lv,l/(b)LlU(b)?
il

i=1 i=1

where
; 0.5pS, C )
Kyus) :%(VJ,U +V,)%
; 0.5pS8, C . )
Ky v = %(O-S(VV"Z} +VI+V )%
i O'SpSng ; i+ ) n .
Ky == 5 OS5Vl VDV Ly =Y L.
i=1

v

Similarly, we obtain formulas for determining the me-
chanical work of an electric vehicle for downhill movement.

Ay =AY+ Ay + A (29)
AY =-P,L,sin(0); (30)
Ap=Ly¢E, cos(0)? + zaf/,DLiD(a) 5 (31)

i=1

a s b
Ag = Zk:v,D(a)LID(a) + Zk:v,D(s)LlU(s) + Zk:v,u(b)LlD(b)a (32)
i=1 i=1 i=1

where
ks o) :%(V{n +V,)%
ks b :%(05(1/@1 V) V)%
Ko =P 0,501 4 VDV L= I,
v i=1

From formulas (29—32) it can be seen that there are certain
components of mechanical work that depend on the angle of
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the road slope. The change in the amount of mechanical work
from the angle of inclination 6 will be determined by derivatives.

dAy/dO = Ly P, cos(0) — &,sin(20)];
dAp/dO = —Lp[ P, cos(0) + &, sin(20)].

That is, it is possible to present a general formula for deter-
mining the mechanical work of an electric vehicle during as-
cent and descent through a constant component determined
by horizontal movement and a variable component that de-
pends on the angle of inclination of the road.

Ay=A(0) +Ay[0];
Ap=Ap(0) +A4p[0],

where Ay[0] = (dA;/d0)0; Ap|O] = (dAp/dD)6.

Mechanical energy consumption when using standard test
cycles. Consider the standard WLTC test cycle, class 3b with
the indicators presented in Fig. 6 and Table 4, and solve the
following problems:

- to determine the impact of the slope of the route uphill
and downhill on the consumption of mechanical energy of the
electric vehicle;

- to determine the possible amount of mechanical energy
that can be recovered during ascent and descent;

- to evaluate the possibilities of providing the necessary
grip with the road when performing the WLTC class 3b test
cycle when moving uphill.

We will solve the problems for the Nissan Leaf AZEO, 2014
electric vehicle with the parameters given in Table 4.

We accept the following initial conditions:

- maximum load of the electric vehicle;

- wind speed is zero;

- the coefficient of friction is the same on all wheels and is
maximum,;

- the coefficient of adhesion of the wheels to the road sur-
face is the maximum for passenger vehicles produced;

- the test cycle is performed with a constant slope of the
road either uphill or downhill;

- the route is straight and has no turns;

- the coefficient of aerodynamic resistance C,=0.29;

- the length of the route uphill is equal to the length of the
route downhill, which makes it possible to compare energy
consumption in both directions of movement.

The conditions for providing the required mechanical
traction force in ideal dry weather at different angles of eleva-
tion are presented by calculations of the forces of movement
resistance attributed to the weight of the Nissan Leaf AZEOQ
electric vehicle according to formula (20) in the form of Table
6. The “max” column shows the maximum possible traction
force of the electric vehicle in relation to its weight for the giv-
en climatic conditions and the corresponding driving angle,
and the other columns show the relative forces of movement
resistance for different stages of the test cycle.

It can be seen from Table 6 that the execution of certain stag-
es of the WLTP Class 3b cycle becomes impossible, starting from
an uphill movement angle of 10°. An angle of 15° becomes critical
for all stages, when the maximum possible traction force of the
Nissan Leaf AZEOQ electric vehicle becomes less than that neces-

WLTC cycle for Class 3b

Low Medium High Extra-high

Time, s

Fig. 6. Standard test cycle WLTC, class 3 [6]

sary to overcome the resistance forces of movement. This does
not at all mean that an electric vehicle cannot move at such an
uphill slope, but it becomes impossible to provide the accelera-
tions that are provided by the corresponding cycle requirements.

Results. The results of calculations of the average mechani-
cal force of resistance of the Nissan Leaf AZEQ electric vehicle
when it moves in the WLTC, class 3b test cycle modes uphill
and downhill in a straight line without the influence of wind,
depending on the angle of the road, are presented in Table 7.

Negative signs in Table 7 represent the mechanical force
that can be used as a source of recuperative energy to charge
the battery.

The data in Table 7 are given for an electric vehicle without
any load on board. To take into account the additional load,
including the driver’s weight, the data in Table 7 should be
multiplied by the weight ratio of the loaded electric vehicle
compared to the unloaded one.

The following conclusions can be drawn from the obtained
data.

Obviously, this amount of energy cannot be recovered due
to the limited power of the inverter and the speed of the battery
charging process of this model of electric vehicle, as well as the
lack of additional, fast means of receiving/giving up electrical
energy, for example, supercapacitors.

It can be seen from the table that the values of the average
movement resistance forces for different stages of the test cycle
do not correspond to the meaning of this test stage. The names of
the stages correspond to the level of maximum and average speed
for the stage. Since this test cycle was created for vehicles with
internal combustion engines, then, accordingly, the specific con-
sumption of gasoline/diesel should be higher when the average
speed increases. Since in this case we are talking only about the
mechanical work of overcoming natural resistance forces with-
out taking into account the energy losses for its transformation
and transmission to the wheels, the main role here is played by
the number of accelerations and decelerations and their level.

The data of mechanical resistance forces allow calculating
the energy consumption of a route of any complexity from the
point of view of topology. To do this, it is enough to decide on
the mode of movement (Low, Middle, High, Extra-High) or
adjacent (Low+Middle, High+Extra High, Total), choose a
route with topological labels of height and length, which en-

Table 4
WLTP Class 3b cycle
Phase Duration dusrzl(i?on Distance Dstop Vimax W /:‘;V:Ops W /‘;‘;V(;ps Apin Apae
s s m % km/h km/h km/h m/s? m/s?
Low 3 589 156 3,095 26.5 56.5 25.7 18.9 —1.47 1.47
Medium 3-2 433 48 4,756 11.1 76.6 44.5 39.5 —-1.49 1.57
High 3-2 455 31 7,162 6.8 97.4 60.8 56.7 —-1.49 1.58
Extra-High-3 323 7 8,254 2.2 131.3 94.0 92.0 —-1.21 1.03
Total 1,800 242 23,266
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Table 5

Nissan Leaf AZEO 2014
Weight, kg P, 1,498
Maximum load capacity, kg
Wheel base, m L+ 1, 2.7
L, 117
Ly 1.53
Frontal effective area, m? Sie 2.27
Wheel radius, m ry 0.3162
Height of application of wind force, m h, 0.75
Table 6
Results of calculations according to formula (20) for the
WLTP Class 3b test cycle
0 max Low 3 | Medium 3-2 | High 3-2 | Extra-High -3
0 | 042 | 0.1767 0.1782 0.1822 0.1214
5] 04184 | 0.2629 0.2644 0.2684 0.2076
10 | 0.4136 | 0.3483 0.3498 0.3538 0.293
15| 0.406 | 0.4321 0.4336 0.4376 0.3768
17 | 0.401 | 0.4651 0.4666 0.4666 0.4098

sures the determination of the angle of inclination, and calcu-
late the amount of work on the ascent and descent according
to the average data of Table 7. To do this, depending on the
angle of inclination of the road and the driving mode, select
the average value of the force from Table 7 and multiply it by
the length of the segment of the path with the given inclina-
tion. At the end, sum up the results for all segments.

If there are several routes from point “A” to point “B”,
then the one that is shorter in length should be considered the
best, but the one that consumes less energy.

Example. Consider the traffic routes between the two
points presented in Fig. 7. We will compare only routes with
the same length (M1 and M2).

Each of the considered routes has an original topology
(Fig. 8).

Since the movement will take place in the city mode, we will
use the “Low3+Medium 3-2” mode for calculations. For abso-
lutely dry weather with maximum traction of the tires on the road
and in the absence of wind, we get the results of the calculations
presented in Fig. 9 and in Table 8. Fig. 9 shows in red the segment
of the path in the recuperative mode of the electric vehicle.

The results of the calculations show that on the route “M1”
the consumption of mechanical energy is greater compared to
the route “M2”. However, if the recuperation mode is fully used
for the generation of electrical energy, it is possible to reduce the
mechanical energy consumption by 1,029 kJ without taking into
account the efficiency of the double energy conversion.

Each of the considered routes has an original topology
(Fig. 8).

Conclusions. After evaluating the complete picture of forc-
es acting on the electric vehicle during its uphill and downhill
movement, and evaluating the degree of influence of each of
the forces on mechanical energy consumption, taking into ac-
count the specified initial conditions, when performing the
standardized test cycle WLTC class 3b, conclusions were
drawn based on the results of the simulation:

1. For any electric vehicle, it is necessary to be able to cal-
culate the mechanical energy spent on overcoming the forces
of movement resistance. This approach makes it possible to
separate from the features of the transmission of the driving
torque to the wheels from the electric drive, its type, design,
features of the accumulation of electrical energy, methods of
recuperation, etc.

2. The topology of the route of the electric vehicle is im-
portant due to the features of the electric drive to ensure the
recovery of a certain part of the kinetic energy during braking
or when moving downbhill.

3. Calculations of the mechanical operation of an electric
vehicle must be carried out taking into account the driving
mode, namely, taking into account the accelerations and de-
celerations that occur on its way. At the same time, the period

Table 7

Specific mechanical energy of an electric vehicle Nissan Leaf AZEO depending on the road angle in the modes of the WLTC test
cycle, class 3b

Total High+Extra Low+Middle Low Middle High Extra-High
0° Ay A, Ay A, Ay A, Ay Ay Ay Ay Ay A, Ay A,
degrees | kJ/m | ki/m | kI/m | ki/m | kI/m | ki/m | kJ/m | ki/m | kJ/m | kI/m | kJ/m | kI/m | kI/m | kJ/m
0 0.8 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.9 0.9
1 1.1 0.4 1.1 0.5 1.1 0.4 1.1 0.4 1.0 0.4 1.1 0.4 1.2 0.5
2 1.4 0.1 1.5 0.1 14 0.0 1.5 0.0 1.4 0.0 1.4 0.0 1.5 0.2
3 1.8 -0.2 1.8 -0.2 1.7 -0.3 1.8 -0.3 1.7 -0.3 1.8 -0.3 1.9 0.1
4 2.1 -0.6 2.1 -0.6 2.1 -0.6 2.2 -0.7 2.0 -0.6 2.1 -0.7 2.2 -0.5
5 2.5 -0.9 2.5 -0.9 2.4 -1.0 2.5 -1.0 2.4 -0.9 2.4 -1.0 2.5 -0.8
6 2.8 -1.3 2.8 -1.2 2.8 -1.3 2.9 -1.4 2.7 -1.3 2.8 -1.4 2.8 -1.1
7 3.1 -1.6 3.2 -1.6 3.1 -1.7 3.2 -1.8 3.0 -1.6 3.1 -1.7 3.2 -1.5
8 3.5 -1.9 3.5 -1.9 3.5 -2.0 3.6 -2.1 34 -2.0 3.5 -2.1 3.5 -1.8
9 3.8 -2.3 3.8 -2.3 3.8 -2.4 3.9 -2.5 3.7 -2.3 3.8 -2.4 3.8 -2.1
10 4.1 -2.6 4.2 -2.6 4.1 -2.7 4.3 -2.8 4.0 -2.6 4.2 -2.7 4.1 -2.4
11 4.5 -3.0 4.5 -2.9 4.5 -3.0 4.7 -3.2 4.3 -2.9 4.5 -3.1 4.5 -2.8
12 4.8 -3.3 4.8 -3.2 4.8 -3.4 5.0 -3.6 4.7 -3.3 4.8 -3.4 4.8 -3.1
13 5.1 -3.6 5.1 -3.6 5.1 -3.7 5.4 -3.9 5.0 -3.6 5.2 -3.8 5.1 -34
14 5.5 -4.0 5.5 -3.9 5.5 —4.1 5.7 -4.2 5.3 -3.9 5.5 —4.1 5.4 -3.8
15 5.8 -4.3 5.8 —4.2 5.8 —4.4 6.0 -4.6 5.6 —4.2 5.8 —4.4 5.7 —4.1
16 6.1 -4.6 6.1 —4.6 6.1 -4.7 6.4 -4.9 6.0 -4.6 6.2 —4.8 6.1 —4.4
17 6.4 -5.0 6.4 -4.9 6.4 -5.0 6.7 -5.3 6.3 -4.9 6.5 =5.1 6.4 -4.7
18 6.8 -5.3 6.8 -5.2 6.8 5.4 7.0 -5.6 6.6 -5.2 6.8 -5.4 6.7 -5.0
19 7.1 -5.6 7.1 -5.6 7.1 -5.7 7.4 -6.0 6.9 -5.5 7.1 -5.8 7.0 -5.4
20 7.4 -5.9 7.4 -5.9 7.4 -6.0 7.7 -6.3 7.2 -5.8 7.5 -6.1 7.3 -5.7
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Fig. & Topology of traffic routes [21]:
a — route M1; b — route M2

of pauses (stationary state) is an advantage for an electric ve-
hicle over traditional ones due to the fact that there is no elec-

trical energy during idle operation (if additional comfort op-
tions are not taken into account).

4. The driving mode of an electric vehicle is influenced by
many factors, in particular: traffic interchanges, intersections,
topology, traffic jams, as well as the driver’s driving style. There-
fore, to estimate the consumption of primary energy (for tradi-
tional vehicles) or electricity for electric vehicles, different test
cycles, considered earlier, are used. The WLTC, class 3b test
cycle is the most relevant to date for our purposes due to the fact
that it has several stages of speed mode and acceleration and
braking modes. Using a combination of these stages, you can
approximately simulate one or another mode of movement.

5. Modeling based on the proposed methodology of ensur-
ing the requisite mechanical traction force for the Nissan Leaf
AZEQ electric vehicle, even under ideal dry weather condi-
tions, elucidates that the feasibility of completing specific seg-
ments of the WLTP Class 3b cycle diminishes beyond an in-
cline of 10°, with an incline of 17° emerging as critical across all
segments. At this threshold, the maximum attainable traction
force of the Nissan Leaf AZEOQ electric vehicle falls short of the
necessary force to overcome resistance forces impeding move-
ment. Evidently, analogous challenges persist for other electric
vehicle variants, hybrid versions of vehicles, or classic vehicles,
warranting commensurate computational analyses.

6. The conditions for providing the necessary mechanical
traction force deteriorate in proportion to the decrease in the
friction coefficient in accordance with Table 2.

7. The headwind velocity also impacts the expenditure of
mechanical energy. Calculations indicate that the portion of
mechanical energy expended to overcome air resistance when
wind speed varies from zero to 100 km/h ranges from 2 to 3 %
up to 11 to 12 %. This constitutes a significant component that
must be taken into account in calculations.

8. The amount of potential energy that can be regenerated far
exceeds the capabilities of the electric drive and battery system of
an electric vehicle. This necessitates considerable attention to ad-
dressing the complex issue of creating energy storage systems with
a rapid means of obtaining regenerated electrical energy. Particu-
larly, electric drive systems with supercapacitors may have a sub-
stantial advantage in this regard, but they are not in demand due
to their high price. Users fail to consider the difference in opera-
tional expenses, which could be fairly quickly compensated.
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Fig. 9. Calculation results:
a — route M1; b — route M2
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Table §
Mechanical work on routes M1 and M2

Work without taking into
account recuperation, kJ

Ml 5,927.1
M2 5,787.11

Work taking into account
recuperation, kJ

4,898.2
5,068.6

9. The proposed methodology for calculating the mechan-
ical work of an electric vehicle enables the selection of the
most economical route to the destination from various op-
tions, thereby increasing the distance between battery charges
and reducing the number of charging cycles.
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Mera. BuzHaueHHs BIUTMBY (paKTOPY TOIOJIOTIi Mapuipy-
Ty Ha BUTPATU MeXaHi4YHOI pOOOTHU eJIEKTPOMOOIIS — € TOJIO-
BHUM 3aBIaHHSIM JaHO1 poOOTH. BruiMB BU3HAvYa€ETHCS 3a 10-
TMOMOT'0OI0 PO3PaXyHKy BUTPAT MEXaHiYHOi pOOOTU MpU pyci
eJIEKTPOMODiJIsT 3 ypaXyBaHHSIM peKyrepallii eHeprii. 3a-
BIAHHS TaKOX BKJTIOYAE OLIHKY CHWJI, 1110 IilOTh Ha eJIEeKTPO-
Mo0inb Ha npukiani Nissan Leaf AZEO 2014 poky BUITyCKY.

Metomuka. ¥ po6OTi BUKOPHCTOBYETHCS MaTeMaTUYHA
MOJIEJIb, 110 OLIIHIOE KiJIbKICTb MEXaHiYHOI pOOOTH, HEOOXIiI-
HOI JIJIsI TIOJ0JIAaHHST OJHOTO 3 OOpaHUX MapuUIPYTiB, 3 ypaxy-
BaHHSIM peKyriepaliii eHeprii. OLiHKa BUKOHYETbCS 3a JOIO-
MOTOI0O HAaMOUTBIIT PO3MOBCIOMKEHOTO CTaHAAPTU30BAHOTO
uukiny WLTC class 3b.

Pesyabratu. PesyibratomM mociimkeHHsS € po3podiieHa
MaTeMaTU4YHa MOJIEJIb, 110 JO3BOJISIE €(PEKTUBHO OLIIHUTH 00~
CST MeXaHiYHOI poOOTH TSI TIOI0JaHHSI 33JaHOTO MapILIPYTY
1 MOKJIMBY €HEprilo peKynepallii. 3arporoHoBaHa METOAUKA
NIO3BOJISIE  BU3HAUUTU HAUOLIBII €KOHOMIYHUI MapiipyT
PYXy, i3 IpOKJIaIeHUX BiJ TOYaTKOBOI TOUKU A0 MYHKTY IPU-
3HAYEHHS, 3 YpaxyBaHHSIM BUTPAT MEXaHIUHOI eHepril.

HaykoBa HoBu3HA. [IaHO OIMKMC OCHOBHUX CKJIAQIOBUX, IIIO
BIUTMBAIOTh Ha CITOXWBAHHS €JIEKTPOEHEPTil, 3 ypaxyBaHHIM
ITOBHOI KAPTUHU CUJI, SIKi IiF0Th Ha €JIEKTPOMOOILJIb ITiJT Yac pyxy.

IIpakTnyna 3HaummicTb. OTpuUMaHi pe3yibTaTU MaloOTh
MpaKTUYHE 3HAYCHHS /I BUOOPY HAOIIbIIT ONTUMATBHOTO
MapIIpyTy PyXy €JIEKTPOMOOiJisl, 1O crpusie ePeKTUBHOMY
BUKOPHMCTAHHIO €Heprii. 3anmpornoHoBaHa METOIMKa MOXKeE
OyTH BUKOPUCTAaHA Ha TIPAKTUIL IS TUTAHYBaHHS MapIIpyTiB
3 TOUKHU 30pY MAaKCUMaJIbHOTO €Hepro30epeskKeHHSI.

KiouoBi cioBa: erexmpomobinb, monoaoeis mapuipymy,
peKynepauis, ONMUMAAbHUL MAPWpPym, eHepeemuyHa egek-
muenicmo, WLTC
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