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Abstract: Electric vehicles are one of the most innovative and promising areas of the automotive
industry. The efficiency of traction equipment is an important factor in the operation of an electric
vehicle. In electric vehicles, the energy stored in the battery is converted into mechanical energy to
drive the vehicle. The higher the efficiency of the battery, the less energy is lost in the conversion
process, which improves the overall energy efficiency of the electric vehicle. Determining the
performance characteristics of the traction battery of an electric vehicle plays an important role in
the selection of the vehicle and its future operation. Using mathematical modelling, it is shown
that battery capacity, charging rate, durability and efficiency are essential to ensure the comfortable
and efficient operation of an electric vehicle throughout its lifetime. A mathematical model of an
electric truck including a traction battery has been developed. It is shown that, with the help of
the developed mathematical model, it is possible to calculate the load parameters of the battery in
standardised driving cycles. The data verification is carried out by comparing the data obtained
during standardised driving with the results of mathematical modelling.

Keywords: mathematical model; electric vehicle; lithium battery; performance characteristics; driving
cycles; energy efficiency

MSC: 35C99

1. Introduction

Electric vehicles are one of the most innovative and promising areas of the automotive
industry. In recent decades, they have undergone significant progress and are widely
recognised as environmentally friendly and energy-efficient vehicles. One of the key
components of electric vehicles is the traction battery, which provides energy for the
engine [1-3]. Determining the performance characteristics of an electric vehicle traction
battery is an important task for both electric vehicle manufacturers and potential buyers.
The performance characteristics determine the ability of the battery to supply energy
throughout its lifetime and also evaluate its reliability, efficiency and durability [4,5]. One
of the main characteristics of a traction battery is its capacity, expressed in ampere-hours
(A-h). The capacity of a battery determines the amount of energy it can store and supply
to propel an electric vehicle. A larger capacity allows one to travel a greater distance
on a single charge, which is an important factor for electric vehicles [6,7]. The second
important characteristic is the charging speed of the battery. In today’s environment, where
the network of charging stations is rapidly developing, the charging time is becoming an
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increasingly critical factor when choosing an electric vehicle. The faster the battery can be
charged, the less time it takes to reuse the vehicle [8,9]. Another important performance
characteristic is the durability of the battery. Traction batteries in electric vehicles have
a limited life span, which is determined by the number of charge—discharge cycles they
can withstand. The higher the number of cycles, the longer the battery will last. It is
also important to consider the loss of battery capacity over time. Gradually, the battery
may become lower in capacity, which can reduce its mileage on a single charge [10-12].
The efficiency of the traction battery is also an important factor. In electric vehicles, the
energy stored in the battery is converted into mechanical energy to drive the vehicle. The
higher the efficiency of the battery, the less energy is lost in the conversion process, which
improves the overall energy efficiency of the electric vehicle. Determining the performance
characteristics of the traction battery of an electric vehicle plays an important role in the
selection of the vehicle and its future operation [13,14]. The mathematical modelling
of the battery capacity, charging rate, durability and efficiency is essential to ensure the
comfortable and efficient operation of an electric vehicle throughout its lifetime. Electric
vehicle manufacturers continue to work on improving battery performance to make electric
vehicles even more competitive in the automotive industry [15-17].

A Mitsubishi MIEV electric truck was chosen as the vehicle for determining the
performance characteristics. This choice is determined by the fact that, for trucks, the daily
mileage is not known, and statistical data do not allow the exact value of the degree of
charge at the extreme points of the driving cycle to be determined [18]. In 2010-2020, the
maximum range of a passenger electric car was about 100-150 km. But in 2020, the mileage
of electric cars increased to 300-500 km after the release of Tesla cars. In this regard, there is
still a tendency to increase the maximum range of electric cars, and accordingly, the change
in battery capacity and daily mileage [19].

In the case of electric trucks, the driving modes are fixed and allow for a more accurate
assessment of the daily mileage, depth of discharge and number of cycles. In addition,
electric vehicles can be driven in both under-loaded modes (lunchtime) and in maximum
load modes (morning rush hour trips). In cases of a fixed route of movement, it is possible
to install charging stations along the route of the electric car, as well as in the places of stops
for the boarding and disembarkation of passengers, during which it is possible to charge
the battery. When conducting experimental studies, it was possible to obtain a significant
amount of statistical data on the movement of the electric vehicle [20]. The average speed
exceeds 25 km/h, while the average speed of urban motor transport is 12-17 km/h.

Modern publications concerning the environmental impact of electric vehicles, namely
analysing the sustainability of the use of electric vehicles in Europe to reduce CO; emis-
sions [1,3] and mathematical modelling of the state of the battery of cargo electric vehi-
cles [21], are devoted to determining the performance characteristics of the traction battery
of an electric truck.

The aim of this work was to develop a mathematical model of the traction electrical
equipment system of an electric vehicle. The mathematical model of an electric vehicle
allows us to obtain the performance characteristics of the battery under different driving
cycles. The novelty of this work consisted in the development of a traction mathematical
model of an electric cargo vehicle, including the modules of the traction battery, the traction
electric system of the electric vehicle and the system for calculating the traction forces
on the shaft of electric motors. For this purpose, we aimed to develop a comprehensive
mathematical model of an electric truck including a traction battery, two inverters and
two induction motors integrated into an electric portal bridge, as to verify the results
of modelling based on the obtained performance characteristics of the battery when the
electric vehicle moves along the route.

2. Materials and Methods

A complex mathematical model of the traction electrical equipment of an electric
vehicle was developed, including the following:
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e  An electric machine model (two asynchronous electric motors which are integrated in
an electric portal bridge);

e A model of electric energy conversion and control system of traction electrical equip-
ment (two inverters for each electric motor);
A model of the system for the calculation of traction forces on the electric motor shaft;
An inverter control system.

During the experimental operation of the electric vehicle, the following indicators
were measured and recorded:

The degree of charge of the battery;

The torques of asynchronous electric motors;

The temperature of the electric motors and inverters;
The battery voltage;

The rotation frequency of the electric motors.

G LN

A functional scheme of the generalised model of the electric vehicle traction electrical
equipment system was developed.

In the course of experimental studies to determine the depth of battery discharge,
2 runs of an electric vehicle were performed. Each run involved different road conditions,
traffic intensities and vehicle loads [22,23].

The route includes both urban and suburban driving modes. The maximum speed
is 70 km/h, and the electric vehicle makes three stops to pick up and drop off passen-
gers. Electrical performance measurements were carried out using CAN information
protocol technology.

3. Determination of the Energy Characteristics of Battery Discharges in
Vehicle Operation

The first route was a mixed traffic cycle with low speed sections of urban traffic as
well as motorway driving [24,25]. The electric vehicle was travelling empty and the mass
was 10,000 kg. Figure 1 shows the dependence of speed on time along the route.
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Figure 1. Dependence of travelling speed on time of an electric car.

Figure 2 shows the characteristics of the traction electric driving system of the electric
vehicle recorded while travelling along the route.
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Figure 2. Energy characteristics of the power plant of a heavy-duty electric vehicle.

From the graphs in Figure 2, it can be determined that the average battery current per
cycle was 118 A (0.6 C). The degree of charge decreased from 90% to 82%.

For the second route, in which the electric vehicle moved whilst loaded, the mass
was 16,000 kg. Figure 3 shows a graph of the speed of the electric vehicle travelling along
the route.
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Figure 3. Time dependence of speed along the route of a fully loaded electric vehicle.

The average battery current per cycle was 140 A (0.7 C). The degree of charge decreased
from 85% to 72%.

At the same time, the electric vehicle itself had equipment on board that captured the
following characteristics:

Ips—the battery current;

Py,—the capacity of the battery;

Up,—the battery voltage;

Efficiency—the coefficient of efficiency of the system;
Why.—the energy given up by the battery;
SOC—the degree of charge.
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These characteristics were obtained using CAN bus communication technology [26,27]
and were recorded throughout the cycle (Figure 4).
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Figure 4. Energy performance of a fully loaded electric vehicle.
As a result of the tests, it was found that the electric vehicle was capable of travelling
the two routes (Table 1) under consideration with a partial load (13,600 kg) and whilst fully

loaded (16,000 kg). In this case, the depth of discharge can be seen in the SOC(t) plots in
Figures 2 and 4, respectively.

Table 1. Test cycle parameters and test results of the electric vehicle.

. Energy
Distance, Average Energy Recovery .
Route No. . Consumption,
km Speed, km/h  in Cycle, kW  Energy, kW-h KWh/km
1 13.23 411 10.38 2.214 0.79
2 16.34 28.81 17.55 3.68 1.08

To investigate the aging process of the battery [27,28], a system of equations describing
the dependence on the battery temperature (T), charge level (SOC) and values of charge
and discharge currents (Ah) was compiled [27].

Qloss (Al) = a(SOCpyin, Ratio) - exp <— RE”CT> - AW?

a = a+ Be - (Ratio)f + ¢ - (SOCpmin — SOCo)©

The United States Advanced Battery Consortium defines two operational modes for
PHEVs: charge-depleting (CD) and charge-sustaining (CS). The ratio of CD-CS to the total
operating time is then defined as the following ratio:

fcp

Ratio = —————,
tcp +tes

which indicates the fraction of time spent in CD mode over the total operation time.
Therefore, Ratio = 1 corresponds to CD operation, i.e., all the operating time is spent in
CD mode. Ratio = 0 corresponds to CS operation, i.e., all the operating time is spent in
CS mode. Ratios such that 0 < Ratio < 1 correspond to mixed operation, i.e., the total
operating time is divided between CD and CS modes.
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Qjoss is the estimated loss of battery capacity during the experiment;

50Cy is the minimum state of charge of a cell;

SOChyin is the minimum state of charge of a cell;

a is a factor depending on the degree of charge and the ratio of charge time to discharge time.

3.1. Mathematical Modelling of the Traction Electrical Equipment System of an Electric Truck

In order to determine the charging and discharging currents of the battery pack
when driving a standardised cycle [29-31], a mathematical model of the traction electrical
equipment system of an electric vehicle was developed in this work [32]. The mathematical
model of an electric vehicle allows us to obtain the performance characteristics of the
battery under different driving cycles [33].

The development of the mathematical model involved several steps:

1.  The development of a mathematical model that takes into account the mechanical
characteristics of the vehicle (VT);

2. The verification of the obtained data with the results of vehicle test runs, by comparing
the acceleration characteristics in the simulation with the real characteristics when
driving in an acceleration cycle on a straight road;

3.  Theintegration of the mechanical model with the electrical model in order to calculate
the energy performance with reliable parameters of the traction electrical equipment
system (TES) and dynamics of the vehicle.

The mathematical model contains a battery pack that can be configured for different
parameters and chemical compositions [34,35]. This study presents a mathematical descrip-
tion of a squirrel cage induction machine [36]. This type of electric motor is used in the
electric portal bridge of an electric vehicle [37,38].

The mathematical model is formed using specialised software. The main extension
packages used in this study are Matlab Simulink (v9.7) and PowerSystemBlockset v2.2.
The widely developed Simulink extension is most adapted for the analysis and synthesis
of various systems [39,40]. This extension provides a variety of possibilities, ranging from
structural (mathematical) representations of the system to the generation of codes in high-
level languages and the subsequent programming of microprocessors, according to the
structural diagram of the model [41].

The parameters of the Mitsubishi electric truck were selected for calculations of basic
vehicle characteristics. The vehicle parameters are shown in Table 2.

The characteristics required for the calculations can be determined according to the
following expressions [42]:

The required traction force on the drive wheels, measured in N, is as follows:

F=F+E+Fk+h, (1)
where Fyis the rolling resistance force of the vehicle:
Fr=f-mg-cosa; 2)
F,—the acceleration/deceleration resistance—is as follows:
Fo=my;-a-6, 3)

where ¢ is the rotating mass factor; = 1.05 4 0.05 - ip; - ipp
Fy—the aerodynamic drag—is as follows:

Pvzgcx‘sa'vgz; (4)

F, is the force of resistance to uphill movement, shown as follows:

Fy =m, - g-sina; (5)
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The required torque on the drive wheels is as follows:
My = Fe-ri; (6)
The traction motor shaft speed (TM) is as follows:
— PP a, 7
n — )
The required torque on the TM shaft is as follows:
M
L Mred
The drag torque on the TM shaft is
Fr+F +F
Mc = A——"p; ©)

ip1°1p2 * red

The required power on the TM shaft can be calculated by the following formula, kW:

— Mg'ng‘
Fe = 9550 ’

(10)

The actual speed of the electric vehicle [43] is calculated according to the TM shaft

speed using the following expression:

Vp= Tk (11)
30 -ipy -ipp
The Motor Vehicle Acceleration (MVA) is as follows:
av,
a= T (12)
Table 2. Vehicle parameters and traffic conditions.

Designation Significance Unit
Wheel arrangement 4x2
Gross weight My 16,000 kg
Curb weight me 10,000 kg
Frontal projection area of the EV Sa 7.53 m?
Aerodynamic drag coefficient Cx 0.86
Dynamic radius of the EV wheel Tk 0.451 m
Gearbox efficiency Hgb 0.958
Gear ratio of the first gearbox igb1 5.82
Gear ratio of the second gearbox igh2 3.92
Rolling resistance coefficient f 0.013
Speed of EV movement Va defined by a cycle m/s
Maximum speed Vmax 80 m/s
Traction motor (TM) torque nom/peak M, 260/450 N-m
Maximum speed of the TM Nmax 11,500 min~1
Nominal/maximum battery voltage Upat 460 v
Battery capacity C 140 Ah
Tyres 245/70R 19.5
Acceleration (deceleration) of the EV when driving a defined by a loop m/s?
Air density r 1.31 kg/m3
Free-fall acceleration g 9.81 m/s?
Angle of inclination of a track profile o defined by a track profile radians
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Information about the value of the resistance torque on the TM shaft (M) serves as an
input parameter for the mathematical model of the TM [44]. The data on the required values
of torque, speed and power on the TM shaft are used in calculating the load moments on
the TM [45,46].

The process of model creation starts with the mathematical description of the traction
motor used as part of the electric portal bridge. The initial data are presented in Table 3.

Table 3. Parameters of the electric motor installed in the electric portal bridge.

Parameter Unit Significance

Maximum motor shaft torque including intermediate gearboxes Nm 485
Maximum speed at maximum torque 1/min 11,000
Maximum power per shaft kW 120
Maximum short-term effective current based on the maximum power rating A 350 A
Minimum DC voltage value \% 580
Maximum DC voltage value Vv 800
Permissible ambient operating temperatures from —40 to 85 °C °C —40...85

The determination of the energy performance of the system [47-49] was proposed to
be carried out by means of a mathematical model of STEO.

A functional diagram of the generalised model of the electric vehicle’s traction electri-
cal equipment system, made in the Matlab mathematical modelling environment, is shown
in Figure 5.

[4'-, "
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Vector Control T=2x10-¢
poli
M 05 = powergul

From 1 Gain 3

\ T Ll

Alo ol A
m @ me—
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m
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Figure 5. Mathematical model of traction electrical equipment of an electric vehicle.
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The mathematical model includes the following:

1.  An electric machine model (two asynchronous electric motors which are integrated in
an electric portal bridge);

2. A model of the electric energy conversion and control system of the traction electrical

equipment (two inverters, for each electric motor);

A model of the system of calculation of traction forces on the shaft of electric motors;

4. Aninverter control system model.

w

In addition, the scheme uses measuring devices and auxiliary blocks [50] to perform
mathematical modelling and determine the characteristics of the system during given
driving cycles.

3.2. Mathematical Modelling of an Electric Portal Bridge

In the ZF AWE 150 electric portal axle, each drive wheel is connected to a gearmo-
tor [51-53]. An asynchronous motor with a squirrel cage rotor is used as the electric
motor [54]. The speed control is performed by vector control. The issues of mathematically
modelling AC electric drives have been dealt with by many scientists; the results of these
studies are reflected in [55,56].

The mathematical modelling of the traction motor is based on the mathematical model
of the induction motor (AM), which is represented in the substitution diagram shown in
Figure 6.

R, joike  j b s

Figure 6. Substitution diagram of asynchronous machine.

The vector equations of voltages [57] of AM windings can be graphically repre-
sented by an electrical diagram. Expressing the terms included in the vector equations—
d¥s d¥,

FTRAFT —we obtain
p— = d 3 = . Ir
ils = isRs + = (Lsis + Liir) + joi¥s;
z (13)
ﬁy - irRr + E (Lrir + Lmls) + ]((Uk - w)?rr
where:

Y,, ¥, are the stator and rotor flux-coupling vectors, respectively;

Us, U,—voltage vectors on the stator and rotor windings;

is, i,—vectors of currents in the stator and rotor windings;

Rs, Ry—active resistances of the stator and rotor windings;

Ls, L,—total inductances of the stator and rotor windings;

L—mutual inductance of the stator and rotor windings (total inductance of stator winding
from the main magnetic flux);

wr—the angular velocity of the coordinate system;

w—the angular frequency of rotation of the rotor of an electric machine with one pair
of poles.
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Considering the expressions of the total inductances, Ls and L, [58], Equation (13) will
take the following form:

3 d - d 3 . T
Us = isRs + (Lm + lscr>*1s + L1y +]wk‘fs}
dt dt (14)
— = d - d - . 7
Uy = irRy + (L + lyo) —ir + Lin—1is + j(wy — w) ¥y
dt dt
After grouping the summands, we obtain
J— 3 d 3 d 3 3 . Ir
s = isRs + lsg—-is + Lin—; (15 + lr) + jwYs;
dt dt (15)
J— 3 d 3 d 3 = . r
= iR, + lmﬁz, + Lmﬁ (is + 1r) + j(wg — w) ¥

In the stator and rotor voltage equations (Equation (15)), there is a common term,

Lm%(fs +1i;), which causes the presence of the magnetising branch in the circuit

diagram—common for the stator and rotor circuit [59].
Expressions (15) are written in a coordinate system rotating with arbitrary velocity,
wy. As a special case from the AM equations in the synchronous coordinate system [60],
occurring at wy = wy, we can obtain the stress equations for the static mode of AM.
Taking into account expressions (15) and considering that, in static mode in the
d¥s d¥. di di
synchronous coordinate system, d—ts, dtr =0, d—: = d—tr =0,and w; — w = wy = oWy,
we can write down the AM equations in a steady state (where s is the slip of the AM rotor):

Us = Rs;s + ]'(Ullsags + jw1 Ly (;s + 2r)/
Res | . = . _ (16)
0= ~ i + jwrlrely 4 jw1 L (is + 1r).
Taking the moduli of the vectors (is, i, ir) equal in magnitude to the corresponding
amplitudes of the phase voltage (U;) and currents (I; and I), the substitution scheme
shown in Figure 7 will be valid for the induction motor [61,62].

I1 rn [22.4] a’fz’/ﬁ 09(2' Iz'
*— .
lo
OXm
U1 E1 EZI
™

Figure 7. T-substitution diagram of an induction machine.

Figure 7 is labelled with the following:
1, X1, Xm, X2', r)’—active and inductive resistances in the AM substitution diagram
corresponding to the nominal mode.

xl = wllS(T/
XZ/ = wllrg', (17)
Xm = W1Llm;
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« and B are relative values of stator current frequencies (f1) and rotor current frequen-
cies (f), respectively:
o= ,
fifin (18)
B = fafin;

f1n is the stator current frequency in nominal mode.

In the absence of external static torque on the shaft, the motor connected to the network
will rotate at a speed close to synchronous [21,63,64]. In this case, the energy necessary to
cover losses is consumed from the network. If the rotor rotates at a synchronous speed due
to an external force, the network will cover only the losses in the stator, and the losses in
the rotor (mechanical and steel) will be covered by the external force [65].

In the motor mode, when the rotating magnetic field crosses the stator and rotor
winding conductors in the same direction, the stator EMF (E;) and rotor EMF (E;) coincide.
At w = wp, EMF is not induced in the rotor; i.e., it is equal to 0. At w > wy, the stator winding
conductors are crossed by the rotating field in the same direction, and the rotor conductors
are crossed by the rotating field in the opposite direction.

The rotor EMF (E;) changes its sign to reverse; the machine enters the generator mode
with energy recovery. As for the current, only its active component changes its direction.
The reactive component at negative slip keeps its direction. This is also evident from the
expression for the rotor current (at S <0 and Sp > 0).

E;)-S Ey-S-7) . Ej-x,-S?

2 T — - .
xS 24 (xh-S0)2 T r2+ (x;-S)>

(19)

The same conclusions can be drawn from the analysis of active (electromagnetic) and
reactive powers. Indeed, it follows from the expression for Py that at S <0 Pgy > 0.

/
2 N
n T mUp g my-Ug-r5-S
PEM:m1.2.§: — = — 5 (20)
(n+2) g2 (SHR) 4 kS)
S K

i.e., the active power changes direction (is transferred to the battery), and from the expres-
sion for Q2, it follows that, at S < 0, the reactive power of the secondary circuit (Q2) keeps
its sign regardless of the mode of operation of the machine.

mluf XK m1~U%~xK~52

Qrm =mq - Uy 'Ié'sinll)z = . = (21)

)2 % (r1-S+ry)" + (xx - 8)*
(rl—i-S) +x% <r1+5> + x%

This means that an induction machine in both motor and generator modes consumes
the reactive power required to generate the magnetic field [66].

The following equations must be used to determine the slip and electrical angle of
rotation (6):

t
0= [ (w+w), 22)
0
where w; is the field rotation frequency and wy, is the mechanical rotor speed.

The rotor frequency is calculated using the following formula:

L - I
(Tr-9)’

Wy = (23)
where 1 is the rotor flux.

L;;—the main (equivalent) inductance—characterises the part of the flux that is cou-
pled to the stator and to the rotor and participates in torque generation. In the linear section
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of the motor magnetisation curve, the main inductance is a constant value. At saturation of
the motor magnetic core, the value of the main inductance decreases [67].

3 3
Ly = ELSy = ELry/ (24)

where Ls, and L, are the inductances from the dissipation field from the currents of the
other two windings.
T, is the time constant of the rotor winding:

_Lr

T, = —.
r R,

(25)
The electromagnetic torque of an induction machine can be found by the

following formula:

3 L
M =37y "%k, (26)

where Z;, is the number of pole pairs of the motor [68].
The equation of motion of the actuator will be written as

Jw
M- M =5, 27)

where M. is the static load moment; w is the angular frequency of rotor rotation, rad/s;
and | is the moment of inertia of the actuator reduced to the motor shaft.

Transition to Orthogonal Coordinate System

For the system of equations written with respect to the stator current and rotor flux
coupling in coordinates (x,y), we make a transition to the orthogonal coordinate system (d,q)
oriented along the rotor flux-coupling vector. In this case, wy = wy,, Y7y =0,and ¥,; = ¥.

_ _ o Lnl
ZU¢—ZU-|-ZU5—ZU+T}’1ITF, (28)
3 Ly

The mathematical model of the induction machine in the orthogonal coordinate system
is synthesised and presented in Figure 8.

(4]
Lm Rs L _'I'
I’R. | M, Z
- w

78 7
LG l/ r V@_» éZ ﬁ M i
IP+1 277 L 7

Figure 8. Structural diagram of AM in coordinates (d,9).
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In steady-state modes of motor operation, all transformed variables turn out to be
constant values. In this connection, this system of equations is very convenient for calcu-
lations of processes in the machine and for the synthesis of the vector control system in
coordinates (d,9).

The magnetising circuit saturation effect can vary by up to 30% in the operating modes
of the drives. Current—current regulation to compensate for saturation is required in the
following modes:

(1) When the drive is operated at speeds higher than the rated speed (in the second speed
control zone in constant power mode), field weakening occurs;

(2) Optimisation of the power drive requires load-dependent magnetising flux control;
one of the following methods is used to account for saturation effects: the static
inductance method or the dynamic inductance method.

The method of static inductance is usually used for the synthesis of drive control
systems, which gives sufficiently high accuracy in the description of dynamic processes. In
this method, the nonlinearity of the magnetising circuit is specified tabularly or by means
of analytical approximation.

The theoretical dependencies shown in this section form the basis for the construction
of a vector control system for an electric vehicle with an induction motor, which is used
when there are increased requirements for the dynamic or static characteristics of the control
of the output variables of the drive, as well as in cases where the regulated variable is
the torque.

A distinctive feature of using the described theory of electromechanical energy con-
version in an alternating current electric machine is its integration into the system of a
complex matmodel, where the entire range of characteristics and parameters that determine
the energy performance and specificity of the traction current source operation is taken
into account.

3.3. Mathematical Model Considering Mechanical Characteristics of the Vehicle and Subsequent
Verification of Traction Characteristics

In order to observe the mechanical characteristics in an induction motor, it is necessary
to carry out system modelling over the entire motor speed range.

The calculation of speed is carried out using Formula (6). In order to calculate the
tractive force as torque on the motor shaft, the following formula must be used:

M= ? (30)

The mechanical characteristics for maximum power are calculated by the ratio of
power to speed; the external characteristic of the motor is shown in Figure 9.

The maximum traction motor speed is 11,000 rpm. The maximum torque is 450 Nm.
These characteristics allow for the creation of a verification mechanical model of the electric
vehicle (Figure 10). The model allows us to clarify the traction-dynamic characteristics of
the electric vehicle by comparing the acceleration characteristic in the simulation with the
real data obtained in experimental studies.

The model consists of the following blocks:

A vehicle characterisation unit;

A block for calculating the torque by cycle;

A vehicle dynamics calculation unit;

A braking system unit;

A dynamic characteristic calculation unit

A block for calculating energy characteristics;
An oscilloscope unit.

NG Ln =
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Figure 9. External characteristic of the electric motor.
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Figure 10. Structural diagram of the mechanical model of an electric vehicle.

The vehicle characterisation block (Figure 11) consists of the following sub-blocks:

A motion cycle setting unit;
A unit for calculating the moment of resistance to vehicle movement;
A vehicle inertia calculation unit.
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Figure 11. Vehicle characterisation block.
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The motion cycle setting block is shown in Figure 12; it consists of tables with data,
in which motion cycles are described in the form of speed vs. time dependencies. The
blocks are numbered and connected to a multiport switch. The switch allows you to quickly
change the motion cycle when setting the initial data during the modelling process.

Scope

S
A

c To Wodspace

Clock

Step®

Figure 12. Motion cycle setting block.

The block converts the value of the angular frequency of the engine shaft rotation
into the linear speed of the car using the function “w_V”, which is calculated according
to formula (11). After converting the frequency into speed, the signal is fed to the block
“Moment of resistance to motion” (Figure 13), which realises the dependence (8). The blocks
“Constantl”, “Relational Operator” and “Switch” (hereinafter, the original names of the
blocks used in Simulink software are given) are necessary for the programme zeroisation of
resistance forces when stopping the vehicle. This function is designed to eliminate possible

errors in calculation and the incorrect determination of drag forces at the moment when
the vehicle comes to a complete stop.

]

Goto

)| OOOO
w

Si I t moment of resistance to
igna gei‘/nera or movement —ﬂ\
W_
[0} g }—'H — (D)
” F moment
Constant1 | Relational ° of resistance
Operator Switch

Figure 13. Block for calculating the moment of resistance to vehicle movement.

The block in Figure 14 calculates the vehicle’s moment of inertia using the
following formula:
dw Mel*MrgS*FT'w
i ; : (31)

where F; is the coefficient of viscous friction for motor shafts and F; is 0.03 Nm:s.

This formula allows you to find the approximate moment of inertia of the car. In order
to find the real moment of inertia, it is necessary to verify the model.
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Figure 14. Unit for calculating the moment of inertia applied to the motor shaft.

The integration of the obtained acceleration value over time using the integrator block
allows us to determine the angular velocity of the motor shaft. The blocks for calculating
the dynamic and energy characteristics reflect the mathematical dependencies for the
calculation of the travelled distance, the average speed in the cycle, useful energy, specific
consumption and useful power on the shaft. The oscilloscope block contains oscilloscopes
of all measured quantities.

In addition to receiving a signal from the motion cycle, the model facilitates the use
of external speed information to compare the speed during mathematical modelling with
the data registered via the CAN protocol. In this case, the data obtained as a result of
calculations are fed to the block that calculates the error of the obtained results, and can
also be sent to the oscilloscope block. To obtain data from the CAN protocol, the From
Workspace block is used.

The structure of the block for calculating the required torque per cycle is shown in
Figure 15.

'
S0/
angular frequency required
in cycle w_to_n torque — shaft torque
frequency  regulator torque limit
error
2 E
motor shaft

angular frequency w_to_n1

Figure 15. Block for calculating torque by cycle.

The unit consists of a “PI controller” [69], which compares the error between the
theoretical cycle-defined angular speed of the TM shaft and the actual speed. The output of
the “PI controller” calculates the motor torque signal, including all losses [70]. The content
of the torque calculation block is shown in Figure 16. Also, like the cycle assignment block,
the submodel consists of data tables and a switch between characteristics. The submodel
allows us to calculate the dynamic characteristics of the vehicle at all possible modes of
operation of the electric vehicle.
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Figure 16. Block for calculating the required torque in a driving cycle, taking into account the motor
operating mode.

The model is equipped with a special unit designed to realise the OEM braking system.
The OEM braking scheme is shown in Figure 17.

M) i =

resistive <
moment movement Scope

resistance
[V O—»fie>—»

vehicle
speed " | L plpis)

W = brake Fuzzy Logic

regulator
speed in W 4B ¥ g Controller
acycle =

Add3
Figure 17. Standard braking system.

The braking control system increases the drag torque on the motor shaft if the vehicle
speed is higher than the speed in a given driving cycle [71]. The model is necessary when
comparing the results from the test protocol. The electric vehicle uses regenerative braking
in addition to the conventional braking system. The energy generated by the braking
torque of the electric motor is used to charge the battery. However, when the battery is fully
charged and cannot accept the energy, the regenerative torque must be limited, using the
OEM braking system. The ratio of the mechanical braking system to the electrical braking
system determines the efficiency and electrical energy consumption. When driving in a
cycle, the braking system unit can be deactivated so that full energy recovery takes place.
The “Saturation 1” block limits values above zero so that the controller only switches on the
standard system when there is insufficient regenerative torque (Figure 18). The mechanical
braking torque calculation block detects the error between the theoretical speed in the cycle
and the actual speed, and uses the controller to add braking torque. When the regenerative
torque is sufficient, the error between the speeds in braking mode is zero.

The integration of the obtained acceleration value over time using the integrator block
allows us to determine the angular velocity of the motor shaft. The blocks for calculating
the dynamic and energy characteristics reflect the mathematical dependencies for the
calculation of the travelled distance, the average speed in the cycle, useful energy, specific
consumption and useful power on the shaft. The oscilloscope block contains oscilloscopes
of all measured quantities.
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Figure 18. Vehicle dynamics calculation block.

3.4. Mathematical Model of Vector Control of Asynchronous Electric Motor

This subsection considers the transition to the pulse-width method of output voltage
generation, as well as the method of relay-vector formation of inverter control algorithms,
in order to realise vector control of a traction electric drive. This method of control is used
when there are high requirements for the dynamic or static characteristics for controlling the
output variables of the drive, as well as in cases when the controlled variable is the torque
on the shaft. The operating modes of an electric vehicle imply significant changes in the
mechanical characteristics of the electric motor in a wide range, and regenerative braking is
required, which requires the formation of motor control algorithms in the generator mode.

Transition to the pulse-width method of output voltage generation allows us to realise
the following properties of the voltage converter (VC):

e  The output current shape is substantially closer to sinusoidal, improving the rotation
uniformity and extending the speed control range (the limitations on the speed control
range from the voltage generation method are very small);

e Asignificant increase in the speed of the electric drive, since the power filter is actually
excluded from the IF output voltage regulation channels;

e Asignificant improvement in the power factor of the IF as an energy consumer.

A frequency converter operating on the stator winding of an induction motor is shown
in Figure 19.

—— - ——————

— W T Svi ' T A

| A G, A @

ICS <: Frequency setting

Figure 19. Structure of voltage converter with DC source and controlled rectifier.

This includes a stand-alone voltage inverter (SVI) with an inverter control system (ICS)
and battery (ICB). The power circuit of the inverter consists of six controllable switches,
labelled in the figure with numbers 1-6.

These keys have double-sided conductivity. The keys are made on transistors pro-
viding current flow in the direct direction from the battery to the traction motor. Reverse
conductivity is provided by reverse-current diodes included in parallel to the transistors.
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They create a circuit for reverse current flow during the switching of the transistors and in
the braking mode of the motor.

Frequency control (wy,;) at the output of the inverter is carried out by influencing
the inverter control system, in which the frequency reference signal is converted into
the duration of the control signals applied to the inverter transistors in accordance with
the established algorithm. The value of AC voltage amplitude at the inverter output is
determined by the value of the rectifier voltage (U;), from which the inverter output voltage
is formed.

The state diagram of the inverter keys when the angular duration of the closed state of
the keys (the open state of the transistors operating in the key mode) is equal to 7 is shown
in Figure 20.
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Figure 20. Inverter key state diagram.

At any given moment of time, three keys are closed. The state of the keys changes
every sixth part of the period, the duration of which in time units (At) is determined by the
set frequency value at the inverter output, as follows:

At il

3 - woer ©2)
Changing the frequency signal at the input of the inverter control system leads to a
change in this duration, i.e., a change in the frequency (wy,;) of the output voltage. The
closing sequence of keys 1-2-3-4-5-6 in Figure 20 corresponds to a certain direction of motor
rotation. To change it, this sequence must be reversed. The diagram shows that there are six
key states, in which two even and one odd keys or one even and two odd keys are always
closed. In addition to these, there are two zero states, in which keys 1-3-5 or 2-4-6 are closed
and all three phases of the stator are closed to the positive or negative contact of the battery,
which corresponds to zero voltage on the load. The inverter has the function of regulating
not only the frequency, but also the amplitude of the main harmonic of the output voltage.
The principle of PWM generation is shown in the example of processes occurring in

one phase of the inverter. The following notations are adopted in Figure 21:

- U*is the inverter control signal;
- Uopp is the reference voltage;
- f1*and f,* are the control signals of the upper and lower key of the inverter phase.

If the amplitude of U does not exceed the value of Upp, the first harmonic of the
voltage at the inverter output repeats the control signal in a certain scale. A change in
its frequency results in a change in the frequency at the inverter output. A change in the
amplitude of the control signal at a constant frequency will lead to a change in the ratio
of the duration of positive and negative voltage pulses at the output, i.e., a change in the
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amplitude of its first harmonic. At high PWM frequencies and an active-inductive load,
such as the stator winding, the load current is almost sinusoidal.

] ]
Ny .77 )R

| RN

Figure 21. Pulse width modulation principle on the example of a single-phase inverter.

In Matlab, the Simpowersystems library provides an inverter block with variable
parameters and configuration. For traction electric drive in the block, it is necessary to set
the following parameters: the resistance of the snubbers (Rs) = 500 ohms; the capacitance
of the snubbers (Cs) is set as “inf”, which means an infinitely large value and is equal to the
absence of capacitive snubbers in the scheme.

In the field “Power Electronic device”, the parameter “IGBT/Diodes” is selected, which
means the use of IGBT transistors with reverse-current diodes. Parameter Ron = 0.001; the
internal resistance of the transistors is set by default.

The “Forward voltages” parameter is set to 1.4 V, which is the transistor trigger voltage.

Regarding closed stator current loops, the application of the principles of relay-vector
formation in voltage inverter control algorithms in a closed loop for tracking the instan-
taneous values of stator current errors allows us to significantly increase the speed of the
control system and reduce the sensitivity of regulators (without forced modulation). A
structural diagram of one of the simplest variants of the realisation of these principles is
presented in Figure 22.

d
T T ~ Current
o 6 U sensor
= ‘

Pulse distributor

o]

Figure 22. Structural diagram of the current relay circuit.

The current control of the standalone inverter is a control method using current
feedback. By coordinate transformation, the controller generates sinusoidal currents of
a desired amplitude and frequency, which are compared with the actual stator currents.
When the current exceeds the upper switch-on threshold, the lower switch of the inverter
arm is switched off, while the upper switch, on the contrary, is switched on, causing the
current to return to the threshold limit. In this way, the value of the current is monitored
and controlled within the set limits. The amplitude and frequency of ripples is determined
by the R,L parameters of the load and the width of the hysteresis loop of the relay element.
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The components of the discrete control vector are formed according to the following
equations:

1, if AL +s;-6>0
_ ’ ] j =
7 { —1, if Al;+51;-6 <0, (33)
AIj = Iszj = Isj/ (34)
o
Uy = sy, (35)

-
where j = 4,b,¢; ¢ is the hysteresis of the relay current regulator; S(Sy,, Sy, Sea) is the
vector discrete function of current errors; and I, I;; are components of the vectors of the

set and real stator currents (YSZ(LZZ, Ip,, I.z) and Ys (La, Iy, o) respectively).

The pulse distributor (PD) distributes control signals to six inverter keys, taking into
account the formation of delays in switching the keys of one phase. A realisation of the
current relay circuit for three phases is shown in Figure 23.

i
e

labc  ynit Delay1
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L] 4]
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Figure 23. Realisation of current relay circuit in Matlab Simulink environment (*—indicates inverter
parameters).

The input signals of the model are not real, but they set the values of the stator current
vector components in the coordinate system (d,q). This assumes that, in all operating modes
of the drive, the stator current vector corresponds to its set value with accuracy to a small
value determined by the hysteresis of the relay controller. In other words, in all operating
modes of the drive (including dynamic modes), the conditions for the existence of a sliding
mode in the relay current loop must be fulfilled:

dr; L,d¥,;
u 3|0Ls—2 4 ReIj + -2 —1 |, 36
where L; and R; are the inductance and active resistance of the stator phase;
LZ
c=1- ﬁ is the scattering coefficient; and j = a,b,c.
S =1

Formula (37) shows that the conditions for the existence of the sliding mode impose
restrictions not only on the real motor variables (stator current, the rate of change of the
rotor flux circuit), but also on the derivative of the reference current. This can be ensured
by sequential inclusion in the channels of Idz and Iqz, forming additional elements and
realising algorithms with a nonlinear limitation to their rate of change. However, the
electric drive turns out to be operable even without these additions, since the intervals
of the current loop dropping out of the sliding mode at a step change in the set point
are short-term (fractions of milliseconds), and the state observer has the properties of a
low-pass filter.

The fundamental principle of vector control is the orientation of the vector variables
of the drive relative to each other. Orientation can be performed on almost any vector
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variable; however, it is common to select the variables whose orientation facilitates the
simplest control system structure and the best dynamic and static properties of the drive.

The most widespread in vector control systems is the method of orienting variables to
the rotor flux vector (Figure 24). This method is often called field orientation.

rotor axis

stator axis

Figure 24. Scheme of orientation of variables to rotor flux vector.

The specified provisions and mathematical dependencies are realised programmati-
cally using Simulink. The component of the complex model of the vector control system is
the structural diagram shown in Figure 25.
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Figure 25. Induction motor control system (*—indicates inverter parameters).

The shown structure of the control system is formed using dependences (38)—(43).
The method of mathematical model formation using the specialised Simulink software
for calculation studies of drive energy characteristics has an advantage over methods of
direct solutions of equations describing the operation of simulated devices. Furthermore,
it gives an opportunity to optimise and reduce the labour intensity of design studies, to
obtain the most accurate results and to increase the calculation step. To determine the
function of the rotor flux coupling change from the rotational speed, it is necessary to carry
out mathematical modelling of the induction motor operation mode based on the external
speed characteristic. The obtained dependence is shown in Figure 26. A sharp decrease
in the value of flux coupling at low speeds is associated with large inrush currents, which
must be reduced as the motor speed increases.



Mathematics 2024, 12, 577

23 of 31

0.9

0.8

0.7

0.6

0.5

Table data

047

0 I ; ; | | ; ; ! :
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
rom

Figure 26. Dependence of the asynchronous engine flux linkage on the rotation speed.

The ZF AWE 150 electric portal bridge, considered in this study, is a system that
includes two traction electric drives. To calculate the energy characteristics in the model,
two inverters and two asynchronous electric motors must be used. The electric motors
are connected to the inverters. Thus, signals for the control of two independent AINs are
synchronised, providing symmetrical control over traction motors. For the purposes of this
study, the peculiarities of controlling the TEDs when turning the vehicle were not taken
into account when modelling the vehicle motion.

For preliminary model adjustment in the first stage of computational studies, the
following actions were performed:

(1) For the optimal operation of the motor control system, it is necessary to set the
minimum calculation step “Sample time”. To do this, the following commands are
specified in the Matlab command line: T = 2.5000 x 1076 >>Ts = T.

These commands set the discreteness (step) of calculation as 0.0000025 s, which allows
us to realise high-frequency algorithms of traction drive control and to carry out fast
reactions within the system to changes in traction modes.

(2) Filling in the vehicle parameter menu in the “Cycle” block, the vehicle parame-
ters are filled in according to the specification and the driving cycles are set in the
dialogue box.

In the battery pack, the values of the nominal voltage, capacity, degree of charge and
battery type are set.
After selecting the motor in the subsystem “Vector Control” in the blocks “flux calcu-

lation”, “angle calculation”, “current calculation Id*” and “current calculation Iq*”, it is
necessary to enter the parameters of the TM: Rs, Lm and Lru.

4. Verification of the Mechanical Model with Real Test Results

To verify the vehicle dynamics in this study, the data obtained over the CAN bus
during the testing of an electric vehicle in accordance with EN 1986-1:1997, “Electrically
propelled road vehicles—Measurement of energy performances” [63], was used.

The following characteristics were measured as a result of the tests:

—_

The torques of the electric motors;
The motor shaft speed;
3. The actual speed of the electric vehicle.

N

The use of experimental data on driving in other conditions does not allow us to
estimate the real drag forces acting on the wheels of the electric vehicle, because the drag
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moment reduced to the motor shaft will be greater on ascent and lesser on descent due to
the presence of the drag moment when the vehicle is travelling on an uneven road [21,64].

Figure 27 shows the speed characteristics of the electric vehicle when driving on a
standardised cycle.
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Figure 27. Electric vehicle driving on a flat road.

Figure 28 shows the oscillograms of motor torques when moving in a given cycle.
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Figure 28. Motor torque graph obtained from the experimental study: black line—engine torque;
purple line—resistance torque.

To verify the model, the sum of torques of the electric motors measured under exper-
imental conditions (Figure 27) is input to the car dynamics calculation block (Figure 25).
During the first run of the model, without taking into account the moments of inertia of the
vehicle coupling mechanisms, the cycle speed was significantly higher than the simulation
speed (Figure 29).
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Figure 29. Comparison of electric vehicle speeds in simulation and real tests: black line—simulation
movement; blue line—real car movement.

After comparing the results, the value of the moment of inertia was corrected to take
into account the rotating masses of the gears used in the electric portal bridge [21,64]. After
running the mathematical model again, the graph in the acceleration plots matched the
values in the test report (Figure 30).
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Figure 30. Comparison of electric vehicle speeds in simulation and real tests, after correction of the
moment of inertia: black line—simulation movement; blue line—real car movement.

As a result, the maximum error was 0.3% in braking mode. The total error was 0.8%.
A graph of errors in the cycle is shown in Figure 31.

The data obtained from the mechanical model were duplicated in the electrical
part, and verification of the mechanical performance with a maximum error of 0.8%
was achieved.
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Figure 31. Modelling errors in a motion cycle.

5. Checking the Energy Performance of an Electric Vehicle

The energy consumption in real tests with the CAN protocol was 1.69 kWh/km. In
order to compare the obtained consumption data, it is necessary to perform mathematical
modelling on the driving cycle [65]. Since energy recovery is limited and the standard
braking system, together with regeneration, was applied during driving, the verification of
energy consumption would not be reliable. Therefore, to compare the energy performance,
it is necessary to compare the energy expended without regeneration [66].

The value of battery energy consumption measured in a cycle was 4.4 kWh. The same
parameter obtained by mathematically modelling the vehicle movement without energy
recovery was 4.48 kWh. The difference is due to the fact that, during stopping and braking,
the battery current in the mathematical model is not equal to zero. An alignment of the
obtained values of battery energy without regeneration in real tests and the simulation in
the driving cycle is shown in Figure 32.
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Figure 32. Matching battery energy without considering regeneration in real tests and in driving
cycle: black line—simulation movement; blue line—real car movement.

The graph shows the discrepancy between the real tests and the modelling of the
system in the middle of the cycle; this is due to taking into account the needs of the electric
vehicle, as well as the operation of the compressor of the pneumatic system [67].
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The results obtained allow us to obtain energy characteristics, not only in driving
cycles measured as a result of experimental studies, but also to calculate characteristics in
standardised driving cycles with maximum reliability [68].

6. Verification of Speed Characteristics with Test Report

According to the tests carried out, the acceleration of the electric car to 60 km/h is
33.8 s. To verify the acceleration, an external motor characteristic is required. Taking into
account that the motors do not operate in the optimal range of battery voltage and the
external characteristics given in the specification cannot be realised, it is necessary to obtain
the external characteristic from the acceleration tests of the electric car. A family of external
characteristics is obtained from the tests of the electric vehicle at individual modes. To
investigate the acceleration characteristic, the external characteristic obtained at a battery
charge level of 35% was used in the simulation. The other characteristics were not analysed
due to the fact that the measurements were carried out on the sections with descents and
ascents. The obtained external characteristic is shown in Figure 33.
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Figure 33. External characteristic obtained from testing an electric vehicle: black line—engine torque;
blue line—resistance torque.

The torque signal of the external velocity response is input to the mechanical model.
This compares the velocities over the motion cycle and the simulation velocity (Figure 34).

According to the simulation results, the acceleration to a speed of 58 km/h was 30 s.
Taking into account the battery discharge and the limitations applied in the electric vehicle,
the difference of 0.1 s can be considered acceptable.

The experimental data obtained during the operation of the electric vehicle indicate
a low voltage level of the battery. This is due to the layout solutions that were used
to accommodate the lithium-titanate battery. In cases of the application of promising
technologies, it is possible to achieve a voltage level of 650 V and more, which will facilitate
increasing traction currents for this type of electric drive, without reducing the traction-
dynamic characteristics. A comparison of the characteristics obtained during the modelling
of the electric vehicle in peak and recommended modes shows a significant improvement
in the energy performance of the battery.
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Figure 34. Experimental estimation of velocities in a motion cycle: black line—simulation movement;
blue line—real car movement.

7. Conclusions

The performance characteristics of the battery pack while driving a Mitsubishi MIEV
electric vehicle were obtained. Measurements were made using CAN technology in dif-
ferent electric vehicle weight and road conditions. As a result, it was determined that
the electric lorry could drive two complete cycles on a route. In the case of advanced
technologies, it is possible to achieve higher voltage levels on the traction batteries of the
electric vehicle. Such batteries will facilitate an increase in the traction current for this type
of electric drive, without reducing the traction-dynamic characteristics. A comparison of
the characteristics obtained when modelling the electric vehicle in peak and recommended
modes shows a significant improvement in the energy performance of the batteries. The ob-
tained graphs of currents in the nominal driving mode can be used for further calculations
of battery life and thermal characteristics.

A complex mathematical model of an electric vehicle including a traction battery, two
inverters and two induction motors integrated into an electric portal bridge was developed.
It is shown that the developed mathematical model can be used to calculate the load
parameters of the battery in standardised driving cycles.

The energy consumption in the actual test with the CAN protocol was 1.69 kWh/km.
The value of battery energy consumption measured per cycle was 4.4 kWh. The same
parameter obtained by mathematically modelling the vehicle movement without energy
recovery was 4.48 kWh. The obtained results allow us to obtain energy characteristics, not
only in driving cycles measured as a result of experimental studies, but also to calculate
the characteristics in standardised driving cycles. An induction motor was chosen because
asynchronous models have a simpler design and more reliable operation, and they are
cheaper. The cost of synchronous motors is higher than that of asynchronous motors, which
makes it less profitable to equip electric or hybrid cars with them. The use of modern PWM
controllers makes the induction motor promising for use in electric cars.

A verification of the data was carried out by comparing the data from EN 1986-1:1997,
“Electrically propelled road vehicles—Measurement of energy performances” with the
results of our mathematical modelling.
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