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This paper discusses a simulation and modeling modules of proposed Electric Vehicle (EV)
system configuration by creating components as individual subsystems that can be used
interchangeably as embedded systems. EV system proposed model is composed of detailed
models of four major types of components: electric motor, EV system controller, physical
links, and vehicle dynamics. These modules were modeled in the Matlab/Simulink software.
Dynamic model of a Switched Reluctance Motor (SRM) is investigated and then simulated.
In addition, an EV is modeled and investigated. Finally, EV and SRM are physically linked
and controlled with a proposed technique. This technique depends on the control of SRM
with a multi-phase excitation instead of single-phase excitation to get the most distinct
advantage of an electric vehicle that is quick and precise torque generation. Performance of
EV system is simulated and analyzed with the two control methods. Simulation results for
these two control methods show EV system performance with a completely discussion and
comparison.
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1. Introduction

Electric vehicles are those powered by one
or more energy storage systems that must be
charged and recharged by a power source
external to the vehicle. Recently a lot of
Electric Vehicles (EV) had been developed [1]
mainly to solve environmental and energy
problems caused by the use of Internal
Combustion engine Vehicles (ICV). Some of
them already have enough performance even
in practical use. However, they have not yet
utilized the most remarkable advantage of EV.
The generated torque of electric motors can be
controlled much more quickly and precisely
than that of internal combustion engines [2].
It is well known that the adhesion
characteristics between tire and road surface
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are greatly affected by the control of traction
motor. This means that the vehicle stability
and safety can be greatly improved by
controlling the motor torque appropriately.
There are four categories of EV systems: The
Battery EV (BEV), The Hybrid EV (HEV), the
Fuel Cell EV (FCEV), and Ultra-capacitors,
flywheels-based batteries [3]. Studies were
conducted to analyze EV and HEV concepts
[4- 5]. Several computer programs have been
developed to describe the operation of EV and
HEV trains, including: Simple EV simulation
(SIMPLEV) from the DOE’s Idaho National
Laboratory [6], CarSim from AeroVironment
Inc., JANUS from Durham University [7],
ADVISOR from the DOE’s National Renewable
Energy Laboratory [8]. A Matlab-Based
Modeling and Simulation Package for Electric
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and Hybrid Electric Vehicle Design were
developed [9]. In addition, the component
models of the EV system were integrated in a
Matlab-Simulink system simulation program
[10]. Also, some traction control techniques
were developed and realized utilizing electric
motor's quick torque response [11]. A switched
reluctance motor with a suitable design and
control was used as a propulsion unit for EV
[12- 14].

This paper presents a modeling and
simulation modules based on
Matlab/Simulink for electric vehicle system
with emphasis on the propulsion unit and its
controller. A Switched Reluctance Motor (SRM)
has been Selected as the propulsion unit in
this research, because of its high power
density and excellent motor-load torque-speed
matching characteristics. The developed
simulation program will serve as an evaluation
tool for SRM based EV designs and controls.

The paper is arranged as follows: The
configuration of the newly developed electric
vehicle system in SIMULINK is discussed first,
followed by the description of features of the
main simulation modules. These modules are
an electric motor, EV system controller,
transmission (i.e. electrical to mechanical
links), and vehicle dynamics. Next, two control
strategies, the normal technique is a single-
phase excitation mode, and the proposed
technique is a multi-phase excitation mode
are introduced. The proposed control
technique is suitable for obtaining the most
distinct advantage of EV system. This
advantage is the quick and precise toque
generation to give a faster performance
response. The complete vehicle simulation is
then used to assess the performance of an EV
such as acceleration ability, response for a
driving cycles and braking. Simulation results
for the two control methods show the SRM
and EV performance with a complete
discussion and comparison.

2. Design modeling, and simulation of an
electric vehicle system
The overall electric vehicle

simulation is shown in fig. 1.

system

2.1. Electric vehicle dynamics modeling and
simulation

Total tractive force F,, is the force

between the vehicle's tires and the road
(parallel to the road) supplied by the
propulsion unit. The tractive force must
overcome the opposing forces that are
summed together and labeled as the road load
force Fg; [10, 15|, and axle drag force F,[16].
A summary of forces on a vehicle is shown in
fig. 2. The vehicle dynamics model can be
represented using the following equations:

Kmmd—tXT=FTR -F, -Fg . (1)
FRL =ngT +lel+FAD' (2)
ol Bl TS (3)
r | &
"4
W, = ’:T : 4)
Fm = T're . (5)
r
FTR“‘bL;?g'—m*g*Sin (o)-
dv, 1
Sgn(VXT) 1
EP*CD*Af*(VXT"'Vo)z
6)
2* >N
Var = 007 = (2] 5

The motion described by eq. (6) is the
fundamental equation required for dynamic
simulation of the vehicle system. Longitudinal
vehicle dynamics subsystem simulation
models the vehicle dynamic equation, with
concentrated effect on one point, vehicle
Center of Gravity (CG). The longitudinal force
(Traction force) will be specified from
propulsion unit, as well as the incline (Grade)
angle ¢, and a brake load torque on the

wheels can be considered a set of Simulink
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Fig. 1. Electric vehicle system simulation in SIMULINK.

Fig. 2. A summary of forces on a vehicle.

input signals [10]. The simulation computes
the vehicle velocity Vi, axle shaft speedw,,

and road distance s as a set of Simulink
output signals. All signals are specified in SI
units as shown in fig. 3.

A great advantage of an electrically driven
propulsion system is the elimination of
multiple gears to match the vehicle speed. The
wide speed range operation of electric motors
enabled by power electronics control, (as
shown in next section), makes it possible to
use a single gear ratio transmission for
instantaneous matching of the available motor

torque 7T,, with the desired tractive torque Trr.
The gear ratio can be calculated from
maximum motor speed N, ..., maximum
vehicle velocity vp,, and wheel radius r

using the following equation:

GR=" " Vnmax*T _ 7+600+0.1
30% Uy 30%0.6

=105. 8)

2.2. Electric vehicle links

Electric vehicle links provides the
connection between the electric motor and the
vehicle dynamics module as shown in fig. 1.

2.2.1 Simulation of mechanical shaft

The Mechanical Shaft block is used to
simulate a shaft interconnecting mechanically
a motor drive block to a mechanical load
block. Hence the Mechanical Shaft block
allows decoupling of the mechanical
parameters of the load from the ones of the
motor. It represents an internal speed
controller because it transfers the motor speed
to tractive shaft torque. The mechanical shaft
is represented by its stiffness coefficient
K ,and damping coefficient Dy, [17 and 18].

The shaft-transmitted torque T, is computed
as:

Ty = Kp [(@4n @) dt+ Dop (@) 9)
Where o, and @, are the speeds of the motor

and the load, respectively. This is shown in
fig. 4-a.
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Fig. 3. The details of vehicle kinetics and roadway modeling (eq. (6)).

2.2.2. Simulation of mechanical coupling _[KTs
The mechanical coupling is modeled as a M tor@s);:d % 5% Sha% 5
simple gear with viscous drag torque [16]. As 9 Nmp rpm2rad Stiffness Tshq

inputs, the coupling takes motor torque Tm
and load speed ar. The outputs of the coupling
are tractive torque Tk and motor speed @m.

Egs. (10 and 11) are the equations for this LoadNipeed Damping
component, while the corresponding
SIMULINK code that implements the Fig. 4-a. Mechanical shaft block.

mechanical coupling is given in fig. 4-b.

o——f
Tii= GRX (T, - Ka,,) - (10) Motor torque o @

Tm(N.m) Tractive torque
Ttr(N.m)
@, =GR *ay . (11) A%
N
Where, K is the viscous drag torque constant & GR =®
: : : ehicle velocity Motor speed
and GR is the gear ratio of the coupling. WL(Rad/sec) Wim(Rad/sec)
2.3. SRM model : Fig. 4-b. Mechanical coupling block.

A switched reluctance motor can be characteristics [19]. Either tables of these
conveniently described by its flux-angle- characteristics obtained from static
current table and torque- angle- current table measurements developed laboratory on the

available 1 HP 8/6 SRM. Look-up tables are
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used to store the machine's data. The flux-
linkage can be obtained from the following
equation:

v(0,1)= [(V(0)- Ri)dt . (12)

The phase current is obtained from the
flux-angle-current look-up table. Then; the
phase torque of SRM is obtained from torque-
angle-current look-up table. The superposition
of the individual phase torques gives the total
electromagnetic torque T, .

Te=Y Tw G.0;) (13)
j=1
The motor speed and rotor position is
obtained from the following dynamic
equations:
® =l(j'T LT - R )dt. (14)
m J e m
6 = j o, dt . (15)

Fig. 5 illustrates the static torque versus
different phase current and rotor positions for
a typical SRM.

Phase torque (N.M)

10 20 30 40 50 60
Rotor position (degree)

Fig. 5. SR motor phase static torque versus angular rotor
position for various current levels.

2.4. EV system controller design and model

The controller model consists of four parts:
PI speed controller, torque to current
transformation, switching angles calculator,
and a hysteresis current controller as shown
in fig. 6 [19]. The vehicle speed Vy; is

converted to motor rpm N, using the gear
ratio and wheel radius r as follow:

®,, =GR * (V sor /r). (16)
N, =©60/Q*r)* oy, (17)

where, ®,, is the motor speed in rads/sec.

Firstly, the output of the PI speed controller
serves as the torque command input for the
motor. The torque command in conjunction
with the motor running speed sets up the
control parameters for the electric motor. The
control parameters for SRM are turn-on and
turn-off angles for the phase excitation
currents and the reference current. Secondly,
the switching angle controller generates the
control parameters that are used by all four
phases. These parameters are determined by
two control strategies: the first is the normal
controller at which the turn-on and turn-off
angles are fixed (single-phase excitation

mode). The second is the proposed controller
at which the turn-on angle is adapted (multi-
phase excitation mode) depending on the
command torque. The turn-on angle and the
command current are predicted from the
steady state simulation of SRM and the

Fig. 6. SRM controller drive.
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obtained data are stored on look-up tables.
Maximizing the developed torque and
extending the constant power region of SRM
are obtained using the proposed controller to
get the most distinct advantage of electric
vehicle -quick and precise torque generation-.
Lastly, hysteresis controller controls the phase
current as shown in figs. 7- 10.

2.5. Integration and validation of the EV
system

The simulation is configured in a feed-
forward manner, where everything starts with
the driver action see fig. 1. The vehicle driver
determines the required vehicle velocity. The
vehicle controller contains the switching logic
that sends control signals to the SRM based
on the feedback about vehicle operating
conditions. This controller module allows the
simulation to follow a prescribed vehicle speed
schedule. The speed controller fulfills that role
and provides the current demand signal based
on the specified speed setting and the current
vehicle speed. The torque is transmitted from
motor to vehicle through two stages: the first
is the torque generation from motor speed by
using mechanical shaft controller, and the
second is the torque conversion to vehicle side
by using mechanical coupling. The final value
at the wheel depends on transmission gear
ratio (mechanical coupling) and the
contribution of the electric motor, as well as
on stiffness and damping of the drive shafts
(mechanical shaft). The torque on the wheels
is converted into tractive force, which in
conjunction with other information about the
vehicle and the terrain determines vehicle
dynamic behavior. Hence, the vehicle
dynamics module returns the instantaneous
vehicle speed, transmitted distance, and the
wheel angular velocity. The resultants of the
vehicle dynamic simulation determine the
motor speed value for the next integration
step. The comparison of calculated results for
two control modes demonstrates good
performance for the later.

3. EV system performance analysis

The electric vehicle performance is
demonstrated for both control methods. The

minimum inductance position of SRM was

taken as zero angle position (8 = 0°) see fig. 5.
The details were explained on [19]. The
simulation was performed at fixed angles

O, =1° and O, =16° (minimum switching

angles) for single-phase excitation mode and
0on is varied while; O, is fixed at 25°

(maximum angle) for the proposed controller.
The motor and vehicle specifications are listed
in the appendix.

3.1. Electric vehicle driving cycle

The main motion . types are the
acceleration, cruising at constant speed,
deceleration, and stopping of the vehicle.
These motions can be tested by the complete
driving cycle as a command vehicle velocity.
Fig. 7 and 8 shows EV drive cycle at single-
phase excitation mode and multi-phase
excitation mode, respectively. Both of them
has: (a) vehicle velocity, (b) SRM phase
current, (c) SRM turn-on angle, (d) SRM
torque, (e) vehicle transmitted distance, (f)
motor torque and power vs. motor speed, (g)
SRM phase current and voltage at low speed,
and (h) SRM phase current and voltage at high
speed. The time-vehicle performance relation
is'illustrated in table 1.

Simulation results presented here, show
that the most distinct advantages of EV
performance is obtained by using the
proposed controller. It is obvious that the
vehicle is accelerated rapidly. In addition, the
capacity of vehicle velocity is increased as
shown in (a). With the same phase current
drawn, the motor torque is increased by
adaptation of the turn- on angle as shown in

Table 1
Time-vehicle performance relation for complete driving
cycle

Period(sec) EV performance
0:1 ' stopping
1 Accelerationl
" Accelerationl time + cruising at
15305
0.3 m/sec
3.5 Acceleration2
; Acceleration2 time + cruising at
o ; ;
maximum velocity
T2 Deceleration + stopping
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(b, c, and d). Then; the transmitted distance of
the vehicle is increased (e). The speed and
constant power region of SRM is extended (f).
Finally, the corresponding motor current and
voltage at low and high speeds are shown as
in (g, and h).

3.2. Braking and sudden change of torque
operation

Braking and sudden change of torque load
is accomplished by an extra load that applied
to vehicle as a force and also, by the shifted
angle that delays the phase excitation. Fig. 9
and 10 shows the system performance with
two control schemes. The time-vehicle
performance relation at extra load and shifted
angle is demonstrated in table 2.

Simulation results with the proposed
controller present a good performance than
with the normal controller. It is clearly from (a)
that:

e The vehicle has a faster response to
accelerate and reaccelerate (region land 5).

e The motor withstands the extra load
torque (region 2) to drive the vehicle with
constant speed.

e The vehicle has a faster response to the
shifted angle (region 3and 4). In addition,

e The phase current rating is saved (b).

e The total motor current is increased due to
increasing the conduction period (c).

e  Motor torque is increased by turn-on angle
adaptation (d and e).

o Traversed distance of the vehicle is
increased (f).

Table 2
Time-vehicle performance relation at extra load and shifted angle
Region 1 Region 2 Region 3 Region 4 ' Region 5
Time period (sec) 1:4.5 4.5:10 10:12 12:14 14:15
Extra Load (N) 0 60 60 60 0
Shifted angle (degree) Q° Qe 200 30° Qe
normal control tum-off = 16
0.7 - : : 2 .
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3 g
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Fig. 7. EV drive cycle at single-phase excitation mode
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Fig. 10. Braking and sudden change of torque operation
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4. Conclusions

Modeling and simulation of EV subsystem
modules have been implemented individually.
Then, the integration and validation of the
complete EV system has been simulated in
SIMULINK. SRM with two control methods has
been used to drive the EV system. Initial
acceleration, response to driving cycle, and
braking have been implemented for both
control methods. The obtained results
suggested that the most distinct advantage of
electric vehicle -quick and precise torque
generation- can be obtained with appropriate
control on the propulsion system.

Appendix

Vehicle model variables and constants
m is the total mass of the vehicle system
( 50 kg),

K is the Rotational inertia coefficient to

m
compensate for the apparent increase
in the vehicle's mass due to the
onboard rotating mass:
1.08 =<K, <= 1.1,

Vxr is the Longitudinal road tangential

vehicle velocity (m/s),

is the acceleration of the vehicle (m/s?)

Fgur  is the gravity force (N),

Fou1 is the dry friction or rolling resistance

of the tires force(N),
F,p is the aerodynamic drag force (N),

b, is the axial shaft speed drag torque
constant (0.3),

0, is the axle shaft speed (radian / sec),

g is the gravitational acceleration (9.81
m/s?),

@ is the incline or grad angle (0° or
radian),

sgn  isthe +1 or -1

C, is the the coefficient of rolling
resistance, 0.004=< C, <=0.02,

G is the unitless <<< C,,

P is the mass density of air (1.225

kg/m3),

Cp is the aerodynamic drag coefficient
(0.4 >C,; >=0.2 N-s?/kg'm),
A is the effective frontal vehicle cross-

sectional area (0.5 m?),
v, is the head-wind velocity (neglected

here),

Nm is the motor speed (RPM), and

S is the tangential roadway distance
(meter).
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