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Abstract: The advanced modeling and estimation of overall system dynamics play a vital role in
electric vehicles (EVs), as the selection of components in the powertrain and prediction of performance
are the key market qualifiers. The state-space averaged model and small-signal transfer function
model are useful for assessing long-term behavior in system-level analysis and for designing the
controller parameters, respectively. Both models take less computation time but ignore the high-
frequency switching dynamics. Therefore, these two models could be impractical for the development
and testing of EV prototypes. On the other hand, the multi-domain model in available simulation
tools gives in-depth information about the short-term behavior and loss analysis of power electronic
devices in each subsystem, considering the switching dynamics in a long computation time. In this
paper, a general mathematical framework for the dynamical analysis of complete EVs is presented
using a unified, switched nonlinear model. This equation-based model runs faster than the available
module-based simulation tools. Two other models, namely the time domain state-space averaged
model and frequency domain small-signal transfer function model, are also developed from the
switched nonlinear model for the analysis with less computation time. The design and performance
of an EV with two different motors and its controllers are evaluated using the general mathematical
framework.

Keywords: electric vehicle; switching systems; nonlinear modeling; state-space averaged model;
small-signal model; drive cycle; bidirectional DC-DC converter; BLDC; DTC IM

1. Introduction

Thriving green energy and a reduction in CO2 emissions led the transportation indus-
try to develop efficient electrical vehicles (EVs) [1,2]. Development in system simulations
plays a vital role in detailed analysis of the system. Vehicle modeling can be in different
forms, such as the dynamical model, state-space averaged model, multi-domain simulation
model and composite model [3,4]. The reliability and accuracy of the models depend on
the consideration of detailed parameters and their interactions. Some imperative effects on
vehicle performance, like those from temperature and road conditions, are often neglected
for the sake of simplification. As per the intended analysis to be performed on the system,
an appropriate simulation method is selected. A multi-domain simulation offers a detailed
look into the vehicle dynamics over a steady state simulation, such as load transients and
the switching effects of the bidirectional converter and inverter. For example, MATLAB [5],
PSIM [6], PROTEUS [7] and LABVIEW [8] are well equipped with built-in detailed electrical
equivalent modules and offer easy-to-use graphical user interfaces at the cost of long simu-
lation times and a lack of insight into the model. Program-based tools such as SIMPLEV [9],
ADVISOR [10] and V-ELPH [11] were developed for the selection of components and their
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efficiency under different operating conditions as well as drive cycles through system-level
modeling. To provide quick results [12], these simulation tools use a combination of back-
ward and forward simulation which mostly leans toward backward-facing calculation. But
these tools are unable to capture the detailed measurable quantities which are dependent
on the component states and computed by integration. For the purpose of powertrain
hardware development, forward-facing calculation is preferable to capture the detailed
measurable quantities with a small time step.

The main contributions of this paper are the following: (1) a general switched nonlinear
model of the EV is developed for performance evaluation while considering the switching
effects of the power electronic components, (2) the state-space averaged and small-signal
models are derived from the switched nonlinear model to capture the overall slow dynamics
and to select and tune the controller parameters, respectively, and (3) therefore, an equation-
based unified model is used for design, dynamical analysis, and performance evaluation
of EVs.

As this paper is focused on the dynamical modeling, analysis and interaction of the
different subsystems in an overall system, the modeling of the thermal management [13],
battery management system [14], auxiliary circuit [15] and other protection circuits are not
considered. For designing the advanced controller for overall performance optimization
of the EV along with efficiency improvement, there are many schemes available in the
literature [16–18]. In this paper, all these advanced intelligent controllers are also not
considered.

The remainder of this paper is organized as follows. Section 2 presents the system’s
description and operation. Section 3 deals with the general mathematical framework of
EVs and the interaction among different subsystems. The state-space averaged model and
small-signal model are presented in Section 4. To validate the models, the performance
evaluation of EVs are shown in Section 5. Finally, conclusions are drawn in Section 6.

2. System Description and Operation

A general EV consists of many interconnected subsystems, such as a battery, bidirec-
tional boost–buck converter, three-phase voltage source inverter (VSI), motor and vehicle
body, as shown in Figure 1. Depending on the applications and cost requirement, the
type of battery (Lead–acid or Li-ion), motor [19,20] (permanent magnet brushless DC
motor (BLDC), induction motor (IM), permanent magnet synchronous motor (PMSM) and
switched reluctance motor (SRM)) and vehicle body (two-wheeler, three-wheeler, four-
wheeler, bus or truck) are selected. In motoring mode, the power is fed to the three-phase
inverter-motor combination from the battery through the bidirectional DC-DC converter
(boost mode). The bidirectional converter is placed for flexibility of the choice of the rated
battery voltage and rated input voltage of the three-phase VSI. The motor is connected to
the vehicle body through the transmission system, which consists of fixed gear. During
regenerative braking, the power flows in the reverse direction through the VSI and the
bidirectional converter (buck mode) to charge the battery. This is a process of recovering
the kinetic energy of the motor at the time of braking, which in turn increases the efficiency
and range per charge of the overall system [21]. Along with electrical regenerative braking,
hydraulic braking is utilized to stop the EV when (1) an emergency stop or a hill climbing
or downhill stop is needed or (2) the battery is fully charged or cold.
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Figure 1. Interconnection of different subsystems of an EV through a block diagram.

A two-loop control was selected for the bidirectional boost–buck DC-DC converter.
The outer loop and inner loop were implemented to regulate the DC-link voltage (Figure 2)
and the battery discharge current through the average current mode control, respectively.
To regulate the reference speed, for different motors, different control methods can be
used, such as two-loop control (inner current loop and outer speed loop), direct torque
control (DTC), field-oriented control (FOC), model predictive control (MPC) or V/f scalar
control [22–24].
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Figure 2. The powertrain and control stage block diagram of the EV. Different subsystems are shown
with dashed squares.

In an EV (Figure 1), the reference speed is given by the drive cycle which, along with
the vehicle dynamics, decides the selection of the powertrain parameters. A driving cycle is
a series of data points representing the speed of a vehicle versus time. Three different drive
cycles were popularly used for the performance evaluation of EVs in different regions in
the world [25] namely the New European Driving Cycle (NEDC), United States Federal
Test Procedure (US FTP-75) and Japanese Driving Cycle (JC08), but when considering more
combinations of vehicle operations and real-world driving behavior, the World Harmonized
Light Duty Test Cycle (WLTC) and World Harmonized Light Duty Test Procedure (WLTP)
have been established by the United Nations Economic Commission for Europe (UNESE) in
a global technical regulation (GTR 15) [26] in 2017. This newly introduced drive cycle also
has different classes based on the power-to-mass ratio (PMR) and maximum achievable
speed of the selected EV. In this paper, the WLTC Class 1 drive cycle is considered for the
test, as given in Table A1.

3. A General Mathematical Framework of an EV Using Switched Nonlinear Modeling

The overall switched nonlinear dynamic model of an EV was implemented step by
step by considering the differential equations in each subsystem as well as the interaction
among subsystems given in Figure 2.

3.1. Mathematical Model of the Battery

The choice as well as the dynamic model of the battery are very important for the
performance and range of the EV. From different battery technologies, such as lead–acid,
lithium-ion (Li-ion) nickel–cadmium (Ni-Cd) and nickel–metal hydride (NiMH), Li-ion is
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predominantly preferred due to its high energy density, low self discharge, long cycle life
and high intrinsic safety [27].

For mathematical modeling of the battery, there are different techniques, such as the
electrochemical mechanism model, electro-thermal model, equivalent circuit model (ECM)
and data-driven models, with their advantages and disadvantages [28,29]. In general,
more complex models give accurate results at the cost of higher computational efforts and
time-consuming and costly laboratory testing for parameter identification. For example, in
the case of the equivalent circuit model, its accuracy can be increased with a high number
of parallel RC groups [30], but two RC groups has shown the trade-off between accuracy
and complexity [31]. In most of the cases, the parameter values are given for one cell [32].
For modeling a battery pack of a specific rating, the scaling of the cell parameters is carried
out based on the series and parallel connections of the battery cells [33].

It is important to note that the modeling of a battery solely depends on the accurate
estimation of the state of charge (SoC) of the battery [32]. The SoC also determines the
safe charging and discharging, optimal usage of battery and range prediction for an EV.
Moreover, the battery model parameters are nonlinear in terms of the SoC, temperature,
current rate, aging of the battery, self-discharge, hysteresis, etc. To bypass the complicated
optimization techniques and sophisticated algorithm for SoC estimation [34], one can use
the discharge curve from the manufacturer’s datasheet. A typical discharge curve relates
the change in battery capacity (Q) to the open circuit voltage (voc). Only three points on the
manufacturer’s discharge curve in a steady state are required to extract parameters from
an equation-based battery discharge/charge model [35]. To further simplify the process,
one can construct the SoC versus open-circuit voltage (voc) curve directly using limited
points from the look-up table of the manufacturer’s datasheet, which is the outcome of the
experimental data [28].

In this paper, the battery model is obtained while considering the SoC-dependent
open-circuit voltage with the series internal resistance, as shown in the battery subsystem
in Figure 2. The SoC is calculated using the Coulomb counting method by integration of
the measured current. Then, the open-circuit voltage is determined from the predefined
look-up table. Due to the flat nature of the discharge curve (Figure 3), the two successive
points are connected using a straight-line equation.

Figure 3. The battery voc vs. SoC curve and table of the battery from the manufacturer’s datasheet [36].

The equations of the battery are as follows:

vb = voc(SoC)− iLrb, pb = i2Lrb, Eb =
∫ t

t0

pb dτ (1)

SoC(t) = SoC(t0)− 100
∫ t

t0

iL(τ)

(ηb ×Qbat × 3600)
dτ (2)
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where the battery open circuit voltage (voc), internal resistance (rb), nominal or rated battery
capacity (Qbat), battery efficiency (ηb) and initial battery state of charge (SoC(t0)) are the
specified parameters of the battery. As the Coulomb counting method gives the relative
change in SoC and not an absolute value, the SoC(t0) is calculated by fully charging the
battery pack to a known voltage, which is available from the manufacturer’s datasheet.
But the current (iL) is calculated from the bidirectional boost–buck DC-DC converter. The
battery terminal voltage (vb), power loss (pb), energy transferred (Eb) and state of charge of
the battery (SoC) are calculated over the selected drive cycle to obtain the range of the EV
in a single charge.

3.2. Mathematical Model of the Bidirectional DC-DC Converter and DC-Link Voltage Controller

The battery is connected to the DC-link through a bidirectional DC-DC converter. As
per the mode of operations, the converter switches (T1 and T2 in Figure 2) are turned on
alternately to control the current flow bidirectionally by maintaining the DC-link voltage.
The inductor current (iL) and capacitor voltage (vc) are calculated as follows [37]:

iL =
1
L

∫
(vL − (rL + ron)iL)dt

⇒ iL =
1
L

∫ (
vbF + (vb − vdc)F− (rL + ron)iL

)
dt (3)

vc =
1
C

∫
iC dt

⇒ vc =
1
C

∫
(−iR + iLF)dt (4)

vdc = vc − rciR + rciLF (5)

where L, rL, C and rC are the inductance, series resistance of the inductor, capacitance and
its equivalent series resistance (ESR), respectively, F is the switching signal given to T1
based on the feedback control law given in Equation (8), F is the complimentary signal
for T2 and iR is the input current of the three-phase VSI. Then, the DC-link voltage (vdc)
is calculated, and this is connected to the three-phase VSI (Figure 2). The same equations
are solved for motoring (boost mode) as well as regenerative braking (buck mode). The
motoring or regenerative braking operation is decided by the sign of iR, which is the load
current of the bidirectional DC-DC converter, as shown in Figure 2.

A two-loop control is used to regulate the DC-link voltage as shown in Figure 4. In
comparison with the outer voltage loop, the inner current loop has faster dynamics as it
considers the faster change in the inductor current dynamics. In the outer voltage control
loop, the sensed DC-link voltage is subtracted from the reference voltage (Vref) and passed
through a PI compensator to generate the current reference (Rgiref) for the inner loop. Then,
the sensed inductor current signal (RgiL) is subtracted from the current reference, where Rg
is the sensor gain. The difference is sent through a PI compensator to generate the control
voltage (vcon). Two PI controllers are designed using a small-signal model, which is given
in Section 4. The reference signal and control voltage are as follows:

Rgiref = Kpv(Vref − Kfbvvdc) + Kiv

∫
(Vref − Kfbvvdc)dt (6)

vcon = Kpi(Rgiref − KfbiRgiL) + Kii

∫
(Rgiref − KfbiRgiL)dt (7)

where Kpv, Kiv, Kpi and Kii are the compensator gains and Kfbv and Kfbi are the feedback
gains. The switch T1 is periodically turned ON at the start of each switching cycle as the
clock signal (CLK) is applied to the set pin of the flip-flop. Then, the control voltage is
compared with a unipolar sawtooth carrier signal (vramp) to reset the flip-flop. The flip-flop
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is used to avoid multiple switching instances within a clock period. In this process, the
switching pulses F and F are generated for T1 and T2. The control logic is given by

if vcon ≥ vramp then F = 1, otherwise F = 0 (8)

where vramp = VM(t mod Ts), VM is the amplitude and Ts denotes the switching period.

Vref

vdc

PI PI
Rgiref

RgiL

Ts

vramp

vcon

T1

T2

+

++

Kfbv Kfbi

F

F

R Q

S Q

CLK

t
VM

limiter limiter
_ _

_

t

Figure 4. Two-loop control for the DC-link voltage of the bidirectional DC-DC converter. The limiters
are used for compensation of the integrator wind-up problem of the PI compensators.

3.3. Mathematical Model of the Three-Phase VSI

By considering the voltage drop across the switch but with zero leakage current and
zero for the rise and fall times of the waveforms of the switches, the inverter is simplified.
As shown in Figure 5, the relation between the input DC-link voltage (vdc) and output three
phase voltages (van, vbn, vcn) is established using six switching signals. These six signals
can simply be used as the three switching functions for three legs of the inverter [38]. The
switching functions can be represented in terms of the gate pulses (u1, u2, u3, u4, u5, u6) of
six switches (S1, S2, S3, S4, S5, S6):

SFa = u1 − u2, SFb = u3 − u4, SFc = u5 − u6

When the two switches in a leg are OFF, then the switching functions are zero. In a
leg, both switches cannot be turned ON simultaneously. Therefore, based on the switching
combinations, the switching functions are

SFa = 1 (S1 ON and S2 OFF), SFa = −1 (S1 OFF and S2 ON)

SFb = 1 (S3 ON and S4 OFF), SFb = −1 (S3 OFF and S4 ON)

SFc = 1 (S5 ON and S6 OFF), SFc = −1 (S5 OFF and S6 ON)

n

S1

S2

S3

S4

S5

S6

o

vdc

vdc

Z1

Z3Z2

a
b c

+

+

2

vdc

2

+ ia

ib

ic

_ _

_

Figure 5. Circuit diagram of a three-phase VSI with a star-connected balanced load. For different
motors, the load (Z1, Z2 and Z3) will be replaced by the stator circuit of the motor. The two capacitors
are used for analysis purposes.

The generated voltage in every phase considering voltage drop due to the resistance
when turned ON (Ron = 28 mΩ) for the switch can be written as

van = vao − vno, vbn = vbo − vno, vcn = vco − vno (9)
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where vao, vbo, vco and vno can be obtained as follows:vao
vbo
vco

 =
vdc
2

SFa
SFb
SFc

+

ia
ib
ic

Ron, vno = 1
3 (vao + vbo + vco) (10)

3.4. Mathematical Model of Motors and Controllers

The most important part of the EV is the motor, which needs to be chosen very carefully
by considering the advantages and disadvantages of a specific kind of motor for a particular
drive [39,40]. The proposed mathematical framework provides flexibility in the choice of
the motor for the vehicle as well as the drive cycle. Two motors are used in this paper with
two different kinds of controllers for performance evaluation using the switched nonlinear
dynamic model.

3.4.1. BLDC with a Single-Loop Speed Controller

Most electric two- and three-wheelers are using BLDC because of its very low weight,
comparative high efficiency and low maintenance [41]. This motor can be modeled using a
set of differential equations.

Using Figure 6, the stator currents of the BLDC motor are calculated from the following
set of differential equations [42]:

dia

dt
=

1
Ls

(van − ea − Rsia)

dib
dt

=
1
Ls

(vbn − eb − Rsib) (11)

dic
dt

=
1
Ls

(vcn − ec − Rsic)

van

vbn

vcn

Rs

Rs

Rs

Ls

Ls

Ls

ea

eb

ec

ia

ib

ic

n+

+

+

Figure 6. The equivalent circuit diagram of the stator winding of a BLDC motor.

The stator currents of the three phases can also be calculated using the line-line
voltages at the input terminal (i.e., the phase voltages of the inverter) along with the stator
inductance (Ls), stator resistance (Rs) and back EMFs:

dia

dt
=

1
3Ls

(2vab + vbc − 2ea + eb + ec − 3Rsia) (12)

dib
dt

=
1

3Ls
(−vab + vbc + ea − 2eb + ec − 3Rsib) (13)

ic = −ia − ib (14)

The back EMFs are calculated as follows:ea
eb
ec

 =
KE
2

ωm

 cos(θr)
cos(θr − 2π

3 )
cos(θr +

2π
3 )

 (15)
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where the back EMF constant is KE = 2pλ and λ and p denote the maximum amplitude of
the flux linkage of each winding and the number of pole pairs, respectively. The angular
speed of the rotor (ωm) and the electrical rotor position (θr) are related as follows:

dθr

dt
=

p
2

ωm (16)

The torque is calculated as follows:

τe =
eaia + ebib + ecic

ωm
(17)

In a steady state, the transient commutation process is ignored, and the currents that
have the same amplitude but opposite directions only flow through two phases of the star-
connected windings of the motor. The expression in Equation (17) can also be represented
by the torque constant (KT) and the steady state phase current (is) as follows:

τe = 2pλia = KTis (18)

where KT =KE. The flux linkage λ can be calculated from the back EMF constant KE or,
equivalently, the torque constant KT .

In Figure 7, the controller takes the vehicle speed (Ω) and hall sensor signals (i.e.,
position of the rotor) as the inputs and provides controlled inverter gate pulses [43] to
follow the drive cycle. The hall sensor signal-based rotor position and the error signal Ωerr
help to decide the motoring and braking gate pulses for the six switches of the inverter. The
absolute value of the speed error signal Ωerr is fed through the PI compensator to generate
control voltage, which is given as follows:

vBLDC
con = Kps|Ωerr|+ Kis

∫
|Ωerr|dt (19)

Six gate 

Motoring pulse

Braking pulse

Hall sensor signals

Ha Hb Hc

vcon
BLDC

Ωerr

+

+

signals 

vr

+

Truth Table

Limiter

PIΩerr
_

_

_

Ωref

+
_

Ω

Figure 7. Schematic diagram of single-loop speed controller for BLDC motor.

The control voltage (vBLDC
con ) is compared with a sawtooth carrier signal vr to determine

the width of the gate pulses. The sawtooth signal is given by vr = Vr(t mod Ts), where Vr
is the amplitude and Ts denotes the switching period.

3.4.2. Induction Motor with DTC

Conventional direct torque control (DTC) is attractive for the high-performance control
of AC machines because of its simple structure, fast torque response and low parameter
dependency [44–46]. It also has drawbacks such as the variable switching frequency of the
inverter with varying operating conditions and hysteresis bands. As DTC is implemented
using a digital signal processor (DSP), the high sampling frequency minimizes the torque
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ripple by reducing the hysteresis bands [24,47]. The electromechanical stator flux of the
dq-equivalent circuit of the IM (Figure 8) is described by [48]

vds = Rsmids +
dψds

dt
, vqs = Rsmiqs +

dψqs

dt
(20)

ψds = (Lsm + Lm)ids + Lmidr, ψqs = (Lsm + Lm)iqs + Lmiqr (21)

where the stator current ism =

[
ids
iqs

]
, the stator flux ψs =

[
ψds
ψqs

]
, the rotor current ir =

[
idr
iqr

]
and the stator voltage

vsm =

[
vds
vqs

]
=

2
3

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

]van
vbn
vcn

 (22)

are in a 2−D space vector form and Rsm, Lsm and Lm are the per phase stator resistance,
leakage inductance and the mutual inductance between the stator and rotor of the IM,
respectively.

+

vds / vqs

Rsm RrLsm Lr +
− ωmψqr

vdr / vqr

ids iqs/ idr / iqr

Lm

++
d

dt

d

dt

+
ψdr− ωm

+

ψdr/ψqr
ψds/ψqs

_ _

_

_

_

_

Figure 8. The dq-winding equivalent circuit of an induction motor (IM) in a stationary reference
frame. The stationary d axis is aligned with the a axis of the stator.

Similarly, the rotor flux ψr =

[
ψdr
ψqr

]
is calculated as follows:

vdr = Rridr +
dψdr

dt
+ ωmψqr, vqr = Rriqr +

dψqr

dt
−ωmψdr (23)

ψdr = Lmids + (Lm + Lr)idr, ψqr = Lmiqs + (Lm + Lr)iqr (24)

where ωm, Rr and Lr are the rotor’s angular speed, the rotor’s resistance/phase and the
rotor’s leakage inductance/phase, respectively. The rotor voltages (vdr, vqr) are set to zero
as the cage bars are shorted.

The induction motor (IM) is controlled using the direct torque control (DTC) algorithm
as shown in Figure 9. This algorithm estimates the electromagnetic torque (τem), the
stator flux linkage amplitude (ψs) and the rotor electrical angle (θrm) using the following
equations:

ψds =
∫
(vds − Rsmids) dt, ψqs =

∫
(vqs − Rsmiqs) dt (25)

ψs =
√
(ψ2

ds + ψ2
qs), θrm = tan−1

(
ψqs

ψds

)
(26)
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PI
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Flux & Torque estimator

Eqs. (25) (26) (27)
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Figure 9. Schematic diagram of direct torque control (DTC) of an induction motor (IM).

The electromagnetic torque developed due to the generation of stator flux and current
can be determined as follows:

τem =
3
2

pm(ψs × ism) =
3
2

pm(ψdsiqs − ψqsids) (27)

where pm denotes the number of pole pairs of the IM. The reference flux (φref) is taken from
the datasheet of the motor, and the reference toque (τref) is calculated from the feedback
speed loop as follows:

τref = Kpim(Ωref −Ω) + Kiim

∫
(Ωref −Ω))dt (28)

The DTC lookup table [49] takes three inputs (the flux control voltage (ψcon), the
torque control voltage (τcon) and the electrical rotor position (θrm)) for selection of the
proper voltage vector (eight different combinations of switching pulses for the eight voltage
vectors). The flux and torque control voltages are calculated as follows:

ψcon(n) =

{ 1 if ψerr(n) ≥ hψ

ψcon(n− 1) if − hψ < ψerr(n) < hψ, |ψerr(n− 1)| ≥ hφ

−1 if ψerr(n) ≤ −hφ

(29)

τcon(n) =

{ 1 if τerr(n) ≥ hτ

τcon(n− 1) if 0 < |τerr(n)| < hτ , |τerr(n− 1)| ≥ hτ

0 if τerr(n) = 0, 0 < |τerr(n− 1)| < hτ

−1 if τerr(n) ≤ −hτ

(30)

where n and (n − 1) are integers corresponding to the present and previous sampling
instants, respectively. The corrective measures for flux are taken only when the error is
outside the two-level hysteresis band. But in case of torque, the corrections are performed
when the errors are outside as well as inside of the three-level hysteresis band.

3.5. Mathematical Model of the Vehicle Dynamics

As shown in the vehicle subsystem of Figure 2, the accelerating force ( fa) of a vehicle
depends on the force exerted on the wheel ( ftr) overcoming all the resistive forces ( fR)
(rolling resistance force ( frr), aerodynamic drag force ( fad) and hill climbing force ( fhc))
acting on a vehicle. By neglecting the aerodynamic lift and wind velocity, it can be derived
from Newton’s second law of motion as follows:

ftr − fR = fa

⇒ ftr − ( frr + fad + fhc) = fa

⇒ ftr − (µrrmg cos θ +
1
2

CDρA f Ω2 + mg sin θ) = δm
dΩ
dt

(31)
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where the rolling resistance coefficient (µrr), climbing slope (θ), drag coefficient (CD), air
density (ρ), vehicle frontal area (A f ), vehicle velocity (Ω), gross (curb plus passenger
plus cargo) vehicle weight (m) and rotational inertia factor (δ) are used for calculation
of the resistive forces acting on an EV running on a road. The rolling resistance force
frr is primarily due to the friction of the vehicle’s tires while rotating on the road. The
aerodynamic drag force ( fad) is due to the friction of the vehicle body moving through
the air. The hill climbing force ( fhc) is required to drive the vehicle up a slope, and it is
the component of the vehicle’s weight that acts along the slope. Note that fa is negative if
the vehicle speed is slowing down (i.e., decelerating) and fhc will be negative if it is going
downhill. In this study, the slope (θ) of the road is considered to be zero.

As the motor is coupled with the vehicle body, the mathematical model can be derived
by using the coupled system altogether. The motor transforms the electrical power to
mechanical power in the motor shaft, which is connected to the wheel of the vehicle
through a transmission system consisting of a gear box, as shown in Figure 10. Using
the developed electromagnetic torque from the motor (τe for BLDC and τem for IM), the
wheel torque as well as the force exerted on the wheel are calculated. The wheel torque
is responsible for generation of the tractive force ftr. By considering the transmission
efficiency (η), the radius of wheel (rw) and the gear ratio (Gr), the tractive torque or wheel
torque (τw) and the tractive force ( ftr) supplied to the wheel are calculated as follows:

τw =
η τe

Gr
, ftr =

τw

rw
(32)

Gr

Motor

Gear Wheel

rw

Ω

τe τw

ωm

Electrical

Mechanical Mechanical

Power

Rotational Power Translational Power

τL

ωw

-

fR

ωw

Figure 10. The rotor of the motor to the wheel of the vehicle dynamics and power flow through the
gear box.

The gear ratio can be described as a torque multiplier or speed reducer. Therefore, the
rotational speed of the motor and rotational speed of the wheel of the vehicle are related
by ωw = ωmGr. By neglecting the slipping of the running wheel, now the rotational speed
of the wheel (ωw) is transformed into the translational speed of the vehicle (Ω), and the
acceleration force ( fa) can be calculated as follows:

Ω = ωwrw = (ωmGr)rw, fa = δm
dΩ
dt

= δmrw
dωw

dt
(33)

It is worth noting that the transmission efficiency η is not used for the speed conversion
calculation. Moreover, the acceleration force ( fa) combines both the linear and rotational
acceleration forces. In this context, the calculation of the rotational inertia factor (δ) or mass
factor is highly important. It requires the knowledge of the mass and distribution of the
mass, form, position and dimensions of each rotating component within the vehicle, mainly
the wheel and the rotor drive line of the motor. This is represented by [50]

δ = 1 +
Iw

mr2
w
+

ImG2
r

mr2
w

(34)

where Iw and Im denote the total rotational inertia of the wheels and rotor drive line,
respectively. As the vehicle could be all wheel drive, front wheel drive or rear wheel drive,
the rotational inertia of the wheels and rotor drive line have almost the same values in
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motoring mode. But in the case of regenerating braking mode, it varies with the type of
the drive [51]. In this study, a constant regeneration factor is used to simplify the analysis.
Moreover, the rotational inertia is different for different vehicle types, depending on the
number of wheels, coupling arrangements and gear ratio. If these values are not known,
then the mass factor can be estimated using the following empirical relation [50]:

δ = 1 + δ1 + δ2G2
r = 1 + 0.04 + 0.0025G2

r (35)

Therefore, the equivalent mass (δm) is a function of the vehicle mass (m) and gear
ratio (Gr). In this study, the effect of all the rotational inertia of the rotating components
is considered by increasing the mass of the vehicle (m) by 1.05 times [50,52]. As shown in
Figure 10, the load torque (τL) at the wheels is the sum of the resistive toque (τR) and the
torque due to acceleration force (i.e., ( farw)).

The tractive force ( ftr) delivered to the wheel to move the vehicle can also be estab-
lished from the torque equation calculated at the wheels by considering the equivalent
rotational inertia (Jew) as follows [53]:

τw − τR = Jew
dωw

dt

⇒ η τe

Gr
− fRrw = (δmr2

w)
d
dt

(
Ω
rw

)
⇒ Ω =

1
δm

∫ (
ητe

Grrw
− fR

)
dt (36)

Therefore, a first-order differential equation is used to calculate the vehicle speed from
the motor’s electromagnetic torque according to Equation (36).

3.6. Interaction among the Subsystems of the EV

It has been shown (Figure 2) that the EV powertrain is a nonlinear, dynamical in-
tegrated electromechanical system providing the power source for transportation. The
interaction among different subsystems is important to reflect the EV’s dynamics on a
mathematical framework, as shown in Figure 11. Therefore, starting from the battery and
up to the vehicle dynamics, the steps in the analysis of the EV are as follows:

• The battery provides the terminal voltage (vb) by solving Equations (1) and (2) using
the parameters from Table A2 with the collected battery discharge current (Equation
(3)) from the bidirectional DC-DC converter.

• Using Equations (3) and (4), the variables iL and vc of the bidirectional DC-DC con-
verter are calculated with the component values from Table A3 and the switching
signals provided by the DC-link voltage controller. These switching signals are gen-
erated by solving Equation (8) with the help of Equations (6) and (7). The control
parameters are also given in Table A4. The variable iR acting on the DC link during
motoring as well as regenerative braking is calculated from the power taken or given,
respectively, by the motor.

• The DC-link voltage (vdc) is converted to three phase voltages in the inverter model
by solving Equation (9) with the help of Equation (10), which needs six gate pulses
from the speed controller. In the case of BLDC, the pulses are calculated as given in
[43] using Equation (19) and Table A6. In the case of an IM, the pulses are calculated
as given in [49] using Equations (25)–(30) and Table A8.

• The three phase voltages from the inverter are fed to the two different motors to
produce the electromagnetic torque (τe for BLDC and τem for the IM). In the case of a
BLDC motor, this is calculated by solving Equations (12)–(17) using Table A5, and for
IM, this is calculated by solving Equations (20)–(27) using Table A7. The motor takes
the rotor angular velocity (ωm) from the vehicle model.
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• The wheel torque (τw) is calculated using Equation (32). This provides the tractive force
applied to the vehicle. Therefore, the angular velocity of the rotor (ωm) is translated
into the vehicle’s speed (Ω), which is calculated using Equation (36) with the help of
Table A9.

τe = (eaia+ ebib+ ecic)/ωm

van

voc

vdc

vb

RgiL

Ω

iR

vbn

van , ia

τe
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Battery Bidirectional DC-DC Converter Three Phase VSI

BLDC MotorVehicle

DC-Link Voltage Controller

Speed Controller

rb

dt

diL

=

dt
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=
vania+ vbnib+ vcnic+ (|ia|+|ib|+|ic|)Ron
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ητe
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Figure 11. State-space averaged model of an EV with a single-loop speed-controlled BLDC motor.
The feedback gains are omitted for simplicity.

4. State-Space Averaged and Small-Signal Models of the EV

For a BLDC motor-driven EV, the state-space averaged model is derived from the
switched nonlinear model shown in Figure 11. The number of differential equations
in each subsystem and the interactions among the subsystems can be clearly identified.
Similarly, the state-space averaged model for the IM-driven EV can be derived. As the
high-frequency switching signals are replaced by average value in terms of the duty ratios
of the bidirectional DC-DC converter and the three-phase VSI d1 and d2 (0 ≤ d1, d2 ≤
1), the ripple information in the waveforms is lost. The advantages of this model are
that the overall dynamics are captured in less time compared with the switched model
and a control-oriented small-signal model [54] can be derived. As the drive cycle is a
time-varying reference, the system is analyzed at the worst case constant reference (64.4
km/h for WLTC Class 1) to obtain the steady state response. The small-signal model is
derived by perturbing the state variables and the duty ratios around their steady state
values. This model is particularly useful for selection of the controller parameters of the
two-loop control for a bidirectional DC-DC converter and the motor control, as given
in Tables A4, A6 and A8. The powertrain parameters of each subsystem are designed as
shown in the literature [55,56]. The following method has been used for the selection as
well as tuning of the PI controller parameters. The small-signal transfer functions have been
obtained for the two-loop controlled bidirectional DC-DC converter. The corresponding
block diagram is shown in Figure 12. This diagram is obtained based on the control circuit
diagram given in Figure 4. The loop gain of the two-loop controlled boost converter is
calculated as follows:

TLG(s) = Gcv(s)
[

Gci(s)Gramp(s)Gid(s)
1 + Gci(s)Gramp(s)Gid(s)Hi(s)

]
Gvi(s)Hv(s) (37)
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where Gvi(s) =
(

Kpv +
Kiv

s

)
, Gci(s) =

(
Kpi +

Kii
s

)
, Gramp(s) = 1

VM
, Hv(s) = Kfbv and

Hi(s) = Kfbi. By neglecting all the parasitic elements, the transfer functions from the
converter are calculated from the bidirectional DC-DC subsystem block in Figure 11:

Gid(s) =
îL(s)
d̂1(s)

=

IL
1−D1

+ sCVdc
(1−D1)2

1 + s2LC
(1−D1)2

, Gvi(s) =
v̂dc(s)
îL(s)

=

Vdc
L −

sL
1−D1

1 + sCVdc
IL(1−D1)

(38)

where IL and D1 are the steady state inductor current and duty ratio, respectively. The
closed-loop transfer function is given by

Hv.v̂ref
v̂dc

=
TLG(s)

1 + TLG(s)
(39)

converter

vdc

average current mode control

PI d1

vref Gvi(s)

^^
^

voltage feedback gain

Gid(s)Gci(s)Gcv(s) Gramp(s)

Hi 

PI

+
−

iref
^

voltage mode control

vcon
^ iL̂ev̂ eî

+
−

ramp

current feedback gain

Hv 

two-loop control

Figure 12. Transfer function block diagram of two-loop controlled bidirectional DC-DC converter in
boost mode. The small letter ’s’ denotes the Laplace variable.

The Bode plot of the loop gain (gain margin = 3.52 dB and phase margin = 39.1◦)
and the step response of the closed-loop transfer function of the boost converter (rise
time = 0.9 ms, maximum overshoot = 11.9% and settling time = 13.1 ms) are shown in
Figures 13 and 14, respectively. By tuning or adjusting the values of the PI controller gains,
the desired gain and phase margins can be achieved. This analysis can be extended to
other subsystems of the EV for tuning the controller gains [57]. There are sophisticated
small-signal analysis tools [58,59] for the switched model which are not used in this paper.

Figure 13. The Bode plot of the loop gain of the two-loop controlled DC-DC boost converter with
IL= 36 A. Other parameters are given in Tables A3 and A4.
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Figure 14. Step response of closed-loop boost converter.

5. Performance Evaluation Using the Switched and Averaged Models

The switched nonlinear model of the complete two-wheeler EV (Figure 2) was simu-
lated with two different motors, namely a single-loop speed-controlled BLDC and DTC IM
for the speed tracking of the WLTC Class 1 drive cycle. This simulation was performed on
an automatically controlled two-wheeler EV while considering two modes of operation:
motoring and regenerative braking. Comparison of the performances of the two motors
and controllers is not performed in this paper.

5.1. Two-Wheeler EV with a BLDC Motor

The BLDC motor was controlled using a single-loop speed controller (Figure 7), and
the speed tracking performance is shown in Figure 15.

Figure 15. The speed tracking performance of BLDC- and IM-driven two-wheeler vehicles for the
WLTC Class 1 drive cycle.

The DC-link voltage (96 V ± 5% ripple) and the battery discharge current during the
drive cycle (Figure 16) are the key parameters for the motor performance and battery stress
observation, respectively. As shown in the inset of Figure 16, due to the switching in the
switched nonlinear model, transition spikes and steady state ripples were clearly observed
throughout the drive cycle. The state-space averaged model performed the simulation with
a substantially reduced computation time at the price of losing ripple information.
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Figure 16. Waveforms of the DC-link voltage (blue) and the battery discharge current (using the
switched nonlinear model (purple) and the averaged model (green)) for the single-loop speed-
controlled BLDC motor-driven EV.

The torque delivered to the transmission system by the BLDC motor is shown in
Figure 17. It is interesting to note that while tracking the drive cycle, spikes were inevitable
during the transitions between idling, the steady state, acceleration and deceleration. But
the magnitude of the spikes could vary with the topology and controller used in the EV.

Figure 17. The electromagnetic torque delivered by BLDC (using the switched nonlinear model (blue)
and the averaged model (green)) to the vehicle while tracking the WLTC Class 1 drive cycle.

The most important advertising factor of an EV is the SoC, which is shown in Figure 18.
The end point of the SoC of the battery calculation for a drive cycle is required for obtaining
the range of the EV, as shown below:

range of EV/charge =
available energy of battery

energy required by EV per km

⇒ range of EV/charge =
(Vnb ×Qbat × ηb)(

energy consumed by EV
total distance covered in km

) =
(Vnb ×Qbat × ηb)[

(1−%SoC at end
100 )×VnbQbat

total distance covered in km

] (40)

where ηb is the battery’s capability to transfer energy from the input of the battery to the
output. For example, if 2.4 kWh is stored in the battery while charging, then one can
effectively retrieve only 2.16 kWh while discharging. Therefore, the round trip efficiency
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of the battery is 90%. When considering 90% battery efficiency (ηb) and a regeneration
factor of 20% during regenerative braking throughout the drive cycle, the selected BLDC
motor-driven two-wheeler provides a range of 121.365 km/charge. For this calculation,
the percentage of SoC at the end of the WLTC class 1 drive cycle (Table A1) is used from
Figure 18, which is 94. The inset of Figure 18 shows that during regenerative braking, the
battery was charging for both cases.

Figure 18. The SoC of the battery over the WLTC Class 1 drive cycle for the BLDC motor-driven EV
(blue) and IM motor-driven EV (pink).

5.2. Comparison of Simulation Time with the Commercial Software MATLAB- and Simulink-Based
EV Model

In the commercial software of MATLAB’s Simulink R2023b, the overall EV switched
model was built by combining the built-in components, such as the inductor, capacitor,
switch and diode, for the bidirectional DC-DC converter, two-loop DC-link voltage con-
troller and the three-leg, six-switch inverter. Nonidealities such as the ESR and on switch
resistance were also selected accordingly. The battery model (look-up table-based), BLDC
motor and two-wheeler vehicle dynamics were available in Simscape, which helped to
simulate multi-domain physical systems within MATLAB’s Simulink environment. The
tabulated battery model from the Simscape is used to match a characteristic directly from a
datasheet. It can be used to represent any battery chemistry. A brushless DC (BLDC) motor
was implemented using a permanent magnet synchronous motor (PMSM). The hall sensors
and commutation logic (motoring and braking) were also implemented. The two-wheeler
vehicle dynamics included built-in simulation blocks, which were the simple gear, the two
tires and the vehicle body. In this modeling, instead of considering the wheel inertia, the
externally defined additional mass parameter was set to the on position (inside the vehicle
body) to include an additional 5% mass, as considered in this paper. The parameters for
the other subsystems were taken from the parameter tables.

In the proposed equation-based model, the state variables are governed by differential
equations, and switching conditions are formed using an algebraic equation. To test the
performance of the equation-based switched model given in the paper with the switched
model developed in the commercial software MATLAB and Simulink, a 5 s drive cycle was
developed as shown in Figure 19.

This 5 s drive cycle consists of 0.5 s of idling, 2 s of acceleration at 0.75 m/s2, 1 s of
a constant speed of 5.4 km/h and 1.5 s of deceleration at −1 m/s2. Both models follow
the drive cycle extremely closely, with errors of less than 0.5%. The simulation is run
by a desktop with the following configuration: an Intel (R) Core i5-10500 CPU@3.1 GHz
processor, 3096 MHz, 6 core(s), 12 logical processors, 64-bit system, x64-based processor
and 16 GB of installed RAM.



Electronics 2023, 12, 3173 18 of 27

Figure 19. Tracking performance of the proposed model (BLDC) and Simulink model (BLDC) for a
5 s drive cycle.

The proposed equation-based modeling technique took 112 s for the 5 s drive cycle
for the switched model. In the case of MATLAB and Simulink model, the simulation was
completed in 292 s. For running the simulation in MATLAB and Simulink, there are three
modes: normal, accelerator and rapid accelerator. In the simulation, the accelerator mode
was used. For both compared models, a 1 µs step size was considered. With the used
switching frequency of 20 kHz (switching period = 50 µs), 50 samples were taken within a
switching period. Similarly, in the case of the state-space averaged model, the proposed
technique took 12 s with a 25 µs step size. The simulation step size in this case was selected
from the natural period of the converter and inverter (whichever one was smaller). From
the calculation, we found 25 µs (i.e., two samples were taken within a switching period
of 50 µs). In MATLAB and Simulink, a similar averaged model was developed using the
built-in average value switch module for the converter and the inverter for the design of the
overall EV. This average value switch module was based on the equivalent circuit model
of the switch using the dependent (controlled) voltage and current sources. This is also
called circuit averaging or averaged switch modeling. This technique also yields equivalent
results, but the derivation involves manipulation of a circuit rather than equations. This
MATLAB and Simulink model took 22 s to complete the process.

5.3. Two-Wheeler EV with an Induction Motor

The speed tracking response of the EV with an IM-driven transmission system is
shown in Figure 15. The DC-link voltage (220 V) and the battery discharge current can be
observed in Figure 20. The average value of the battery discharge current was the same in
both models (BLDC- and IM-driven EVs) as the power requirement to drive the vehicle
was the same. The electromagnetic torque generated by the IM subsystem is shown in
Figure 21. The range was also calculated for this EV while observing the SoC at the end to
be 94.06 (Figure 18), which was 122.6 km/charge using Equation (40).
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Figure 20. Waveforms of the DC-link voltage (blue) and the battery discharge current (using the
switched nonlinear model (purple) and the averaged model (green)) for the DTC-controlled IM-
driven EV.

Figure 21. Electromagnetic torque delivered by the IM to the vehicle while tracking the WLTC Class
1 drive cycle.

5.4. Short-Term Simulation for the DTC IM Two-Wheeler EV

To check the performance of each subsystem of the EV, a short time drive cycle was
constructed. In this drive cycle (164 s), the idle time, acceleration (0.226 m/s2) time, constant
speed (64.4 km/h) time and deceleration (0.226 m/s2) time were 1 s, 79 s, 5 s and 79 s,
respectively.

As shown in Figure 22, the battery terminal voltage monotonically decreased as the
vehicle accelerated. Then, the terminal voltage increased at the transition to the constant
speed phase. In this phase, the terminal voltage decreased slowly, but at the decelerating
phase, the terminal voltage continuously increased due to the regenerative braking. Due
to the low regeneration factor of 20%, only a small amount of energy was fed back to the
battery.
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Figure 22. The battery terminal voltage over the newly constructed drive cycle.

In the case of the bidirectional DC-DC converter, the inductor current (Figure 23)
increased during the acceleration phase of the vehicle due to the increasing demand of the
torque of the motor. At a constant speed, the current was also constant, but during the
deceleration phase, the average current started decreasing and even became negative (i.e.,
charging the battery). In the inset of Figure 23, the inductor current and DC-link voltage
waveforms are shown for 10 switching cycles at a constant speed.

Figure 23. The inductor current and DC-link voltage over the constructed drive cycle.

In Figure 24, the waveforms of the three phase voltages of the inverter at a constant
speed are shown. According to the switching signals of the six switches, the phase voltages
were determined.

Similar to the inductor current of the bidirectional DC-DC converter, the electromag-
metic torque (Figure 25) increased during the acceleration phase of the vehicle due to the
increasing demand of the torque of the motor. At a constant speed, the torque was also
constant, but then the torque started decreasing and even became negative.

To check the performance of the DTC, the locus of the direct and quadrature axis fluxes
were drawn in the state-space as shown in Figure 26.
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Figure 24. The three phase voltages at a steady state at 80 s with a 64.4 km/h speed in the constructed
drive cycle.

Figure 25. The electromagnetic torque over the constructed drive cycle.

Figure 26. The evolution of the dq fluxes in the state-space for the constructed drive cycle.

6. Conclusions

In this paper, a general mathematical framework for EVs was developed using a
switched nonlinear model. Different motors with controllers were used for two-wheelers,
keeping all other subsystems such as the battery, DC-DC bidirectional converter, inverter
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and vehicle body fixed. Due to the small time step, this model captured the essential
switching dynamics. It is interesting to note that this equation-based switched model
took less simulation time compared with the other module-based EV model available in
commercial software. This switched model also considers the nonidealities of the system
and interaction among subsystems and is applicable for all operating conditions (e.g.,
motoring and regenerative braking). The averaged model and a small signal model were
derived from the switching model for capturing long-term behavior and selecting the
controller parameters, respectively.

The switched model and averaged model are used for the performance measures of
an EV (i.e., the tracking of the drive cycle, SoC of the battery, battery discharge current,
DC-link voltage and motor torque waveforms). This general mathematical framework
can be extended to multiple sources, different converter topologies, motor drives and
their controllers and different vehicle bodies (e.g., four-wheeler, bus or truck) with a more
realistic subsystem model of the overall EV. The advanced optimal control algorithms
can be tested in this model. Moreover, the switched model can be useful for identifying
different types of instabilities related to the nonlinear switching dynamics with variation in
the disturbance parameters.
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Appendix A. Specifications and Parameters of Different Subsystems of the EV

Table A1. WLTC Class 1 driving cycle.

Parameter Value

Distance 8091 m

Total time 1022 s

Idle time 203 s

Maximum speed 64.4 km/h

Maximum acceleration 0.76 m/s2

Maximum deceleration 1 m/s2
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Table A2. Battery specifications and parameters.

Specification Value Parameter Value

Type LiFeO4 Internal resistance (rb) 20 mΩ

Voltage range 40–58.4 V Nominal capacity (Qbat) 50 Ah

Nominal energy 2.4 kWh Battery nominal voltage (Vnb) 48 V

Cycle life (0.5C@25 ◦C) ≥4000 Charge/discharge current (Ib) 60 A

Max. discharge current (Ibp) 100 A Initial state of charge (SoC(t0)) 100%

Battery efficiency (ηb) 90%

Table A3. Bidirectional DC-DC converter specifications and parameters.

Specification Value Parameter BLDC IM

Input voltage 40–58.4 V Inductance (L) 200 µH 625 µH

Current ripple 10% ESR of inductor (rL) 20 mΩ 60 mΩ

DC-link voltage ripple 5% Capacitance (C) 447 µF 247 µF

Load 0–30 A ESR of capacitor (rC) 2 mΩ 5 mΩ

Switch ON resistance (ron) 13.8 mΩ 13.8 mΩ

Switching frequency ( fs) 20 kHz 20 kHz

Table A4. DC-link voltage controller parameters.

Parameter BLDC IM

DC-link voltage reference (Vref) 3 V 5 V

Voltage feedback gain (Kfbv) 1/32 1/44

Current feedback gain (Kfbi) 1/60 1/30

Voltage loop proportional gain (Kpv) 1 0.4

Voltage loop integral gain (Kiv) 200 s−1 100 s−1

Current loop proportional gain (Kpi) 0.5 0.2

Current loop integral gain (Kii) 50 s−1 50 s−1

Ramp amplitude (VM) 1 V 1 V

Current sensed resistance (Rg) 1 Ω 1 Ω

Table A5. BLDC motor specification and parameters.

Specification Value Parameter Value

Rated power 3.3 kW Stator resistance (Rs) 7 mΩ

Rated torque 10 Nm Stator inductance (Ls) 105 µH

Rated speed 3200 rpm Amplitude of flux linkage (λ) 0.031 Wb

Rated voltage 96 V Number of pole pair (p) 4

Rated current 36 A Back EMF constant
and torque constant (KE =KT) 0.248 V-s/rad

Peak torque 25 Nm Rotor inertia (J) 0.009 kg-m2

Working efficiency 90% Viscous coefficient (B) 0.000302 Nm-s/rad
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Table A6. BLDC motor controller parameters.

Parameter Value

Speed loop proportional gain (Kps) 10

Speed loop integral gain (Kis) 100 s−1

Switching frequency ( fs =1/Ts) 20 kHz

Sawtooth amplitude (Vr) 1 V

Table A7. Induction motor specifications and parameters.

Specification Value Parameter Value

Rated power 3.7 kW Stator resistance (Rsm) 0.08 Ω

Rated torque 50 Nm Rotor resistance (Rr) 0.10 Ω

Rated speed 710 rpm Stator leakage inductance (Lsm) 0.0073 H

Rated voltage 220 V Rotor leakage inductance (Lr) 0.0073 H

Rated current 15 A Magnetizing inductance (Lm) 0.93 H

Peak torque 75 Nm Number of pole pair (pm) 4

Working efficiency 85% Rotor inertia (Jm) 0.09 kg-m2

Viscous coefficient (Bm) 0.000302 Nm-s/rad

Table A8. Induction motor controller parameters.

Parameter Value

Speed loop proportional gain (Kpim) 100

Speed loop integral gain (Kiim) 50 s−1

Torque hysteresis band (hτ) 0.1 Nm

Flux hysteresis band (hψ) 0.01 Wb

Flux reference (ψref) 0.996 Wb

Table A9. Two-wheeler vehicle parameters.

Parameter Value

Gross vehicle weight (m) 200 kg

Gravitational acceleration (g) 9.8 m/s2

Rolling coefficient (µrr) 0.006

Drag coefficient (CD) 0.9

Air density (ρ) 1.2 kg/m3

Vehicle frontal area (A f ) 0.6 m2

Wheel radius (rw) 0.28 m

Slope of the road (θ) 0◦

Gear ratio (Gr) 1:5 (BLDC) and 1:1 (IM)

Transmission efficiency (η) 0.8 (BLDC) and 0.8 (IM)
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