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Abstract: In this paper, the equations describing the
performance of the electric vehicle are derived.
Perfor mance characteristics for each part in the vehicle
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1. Introduction

The internal combustion engine (ICE) vehicte a
the present is a major source of urban pollution.
According to figures released by the U.S.
Environmental Protection Agency (EPA),
conventional ICE vehicles currently contribute 40%—
50% of ozone (nonmethane organic gases NMOG),
80%—-90% of carbon monoxide (CO), and 50%—-60%
of air toxins (nitrogen oxides NOx) found in urban
areas. Beside air pollution, the other main obpecti
regarding ICE automobiles is their extremely low
efficiency use of fossil fuel. Hence, the problem
associated with ICE automobiles is threefold:
environmental, economical, as well as political.
These concerns have forced governments all over the
world to consider alternative vehicle concepts [1]-

[3].

Electric vehicles (EVpffer the most promising
solutions to reduce vehicular emissions. EV
constitute the only commonly known group of
automobiles that qualified as electrical energyagie
devices [1,2].Figure 1 shows The Drivetrain of the
electric vehicle.

Switched reluctance motor (SRIslle perhaps the
simplest of electrical machines. They consist of a
stator with excitation windings and a magnetic roto
with saliency. as zero emission vehicles (ZEVs).
These vehicles use electric motors for propulsiwh a
batteries as electrical energy storage deviceq.[1,2
Figure 1 shows The Drivetrain of the electric védic
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|

Motor —1 TransmiSsion |_ [ Differential
Wheel

Figure. 1. The EV Drivetrain

Rotor conductors are not required becauseu¢orqg
is produced by the tendency of the rotor to aligthw
the stator produced flux wave in such a fashiotbas
maximize the stator flux linkages that result fram
given applied stator current.

Due to simple and rugged motor constructiow |
weight,  potentially low  production  cost,
undemanding cooling, excellent torque—speed
characteristics, high torque density, high opegatin
efficiency, and inherent fault tolerance, switched
reluctance motor (SRM) drives are emerging as an
attractive solution for electric vehicle (EV)
applications [4]-[6]. Traction performances of EVs
depend on the performances of SRM drives. Hence,
the excellent motoring operation of SRMs is
important for EVs with high performances.

2. Perfor mance equations of the EV
with acceleration mode

To investigate the EV performance at accdlanat
it will be assumed that the vehicle is acceleratetl
the motor drive is fed from a constant DC voltage
source, with a variable turn on and turn off angle.

The voltage equation of each phase winding can
be expressed as:

dA(i6)

v=1IR+ (D
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Neglecting the saturation of the magnetic witrc
the phase flux linkage can be expressed by:

A(i0) = L(0)i (2)

By substitution from Eq.2 into Eq.1, the motor
phase voltagean be written as:

. dL(6)
L —= 3)

Also Eg.3 can be rewritten as:

v=iR+L(0) %+

di d9 . dL(§) df ()

v_lR-I_L(H)dG dt ti dat dt

At steady state, the motor speed can be detedm
as a function of the rotor position by:

ao
W= — (5)
wherew, 0 are the motor speed in (elec. rad/s) and
the rotor position in (elec. rad) respectively.
Substituting from Eq.5 into Eq.4, the motoagéh
voltage can be expressed as:

dL(e)
do

v = iR+ L(6)w Z—;+iw (6)

where the three terms of the above equation

represents the resistive drop, the self and ratatio
EMF respectively.

Finally after rearranging Eq.6, the motor phas
voltagecan be rewritten as:

=(R+0 22+ wL(®)Z ()

From Fig.2 the motor phase inductance can be

represented as a function of the rotor position as:

L) =L,

L) = —k,6 — k,
L) = —k,0 — k4
L(O) = L,

0<6=< 6

eiSHST[
n<0<(2r-06)
2r—-0,)<06<2m (8)

The constants, K, ksand6; are equal:

Lg—L
k. = a"Lu
1 TL’—Gi
La0i—Lym
k, = abi—Luy
2 TT—QL'
_ —nt(Lg—Ly)— La(m—6;)
ks =

TT—QL'

Laf---

-

Luf 1
e L]

tea  Hh L)

Figure. 2. Motor phase inductance and current
against the rotor position

According to the motor phase voltage there are
two modes of operation of the SRM. At the first
mode of operation the motor phase voltage is
connected to the DC supply voltage Vs thus the
motor phase current will be increases. At the sécon
mode the applied voltage on the motor phase is the
negative value of the DC supply voltage, thus the
motor phase current will be decays to zero value.

Substituting from EQ.8 into Eq.7 taking into
account the specified modes of operation, the motor
phase current can be obtained for each rotor pasiti
range, included in Fig.2, as:

v _(6-6on)R
in@ =% [1-¢ on |
O, < 6 <6
ir2(9) = [R . ]
+kq1w
VS klgi—kz kl—(u
R- k w [Tl(g) R—klw] [kle—RZ]
0; < 6 < O,
idl(e) = [ "
1w
- Vs k10orr—k2]l k1w
Rtkiw [rz(gdf) R+k1w][ k16—k, ]
Hoff < 0 <m
-V —kym—k [R_kﬂ]
taz(6) = R—kiw [ldl(n) T k1 w] [—kie—kz] o

n<0<86,
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)

Where these equations are derived to represent
the following range for the turn on and turn offjn
0on < 0; andOy; < .

Also 6¢ is the angle at which the motor phase
current equal zero after decayifidnis angle can be
determined from EQ.9 by puttingiz{=0 & 6 = 0) :

O Lz-ly

7Ly — L) + Ly(r - 6]

1 [—L3<n—ei>[(R—k1w)id1(n)+vs]’<4 n

kg
VS

(10)
Where the constant ik equal
_ -kiw
4 R-kiw

Therefore, the motor torque is expressed by:

_ 1.5dL(6)

Te 2 do

(11)
The motor speed can be expressed in ternmfseof t
vehicle speed as:

Vven

W, =Mm
m Twh

(12)

where m is the gear ratio of the mechanical
coupling between the motor and the axle of the
vehicle wheels.

Assuming lossless transmission, the developed
torque at the shaft of the wheel axle can be
determined by;
Td?wh = mTe (13)

The corresponding tractive force will, thus; b

(14)

The tractive force developed at the shafthaf
wheel axle during acceleration can be expressed by:

AVye
Frr = kmMyen dt L4 Fry (15)
Where the road load force is [1,6]:
Frp = CoMyepgsin(B) +0.5p CpAsV,op2 (16)

Thus, the load torque at the shaft of the Wwhelke
can be expressed by:
Twn = Fretwn + Ty (17)

Also, the load torque at the shaft of the maixe
can be expressed by:

Twh
T, = =2
L m

(18)
Therefore from Eq.15, the acceleration of the
vehicle can be expressed by [4]:

AVyen 1
Wven — L (g, —F
dt kvaeh( TR RL)

(19)
Also using the motor torque and speed, theomot
output power can be expressed by:
Pmo =

T, wp, (20)

The motor power losses can be determined by;

Pross = 7']phIphZR (21)

where }, is the average value of the motor phase
current.

The motor excessive energy can be determined
from:

Eexc = nph(lph — L)?Rdt (22)

where | dt are the rated value of the motor phase
current and the time step.

3. Principle of Numerical Solution

Starting from zero vehicle speed at constant
terminal voltage and certain turn on and turn off
angle, from Eqg.12 the motor speed would be equal to
zero. From Eq.9 and 10, the motor phase current can
be determined. Then using the phase current into
Eq.11 the motor developed torque, Tcan be
obtained. Also using Eqg.13 the developed torque at
the shaft of the wheel axle, T;», can be obtained. The
corresponding tractive force, & can, thus, be
obtained from Eq.14. From Eq.16, the road loadeforc
can be determined at this vehicle speed.

Using these values of the tractive and road load
force into EQ.19, the next vehicle speed can be
obtained by integrating this equation numerically
over an appropriate time step. For the second and
following time steps of numerical solution, the
corresponding motor speed is obtained from Eq.12.
Then Eqg.11 is used to obtain its motor developed
torque and the corresponding tractive force is
obtained from Eq.14. This process continues unél t
vehicle reaches steady-state speed.

4. Simulation Results

Performance characteristics of the EV with a
variable turn on angle: The approach presented in
(3), was applied using "4 order Runge-Kutta
numerical method of integration. Several
performance characteristics of the vehicle during
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acceleration, at variable turn on angle and fixed
terminal voltage and turn off angle, using the dzta
the SRM and vehicle given in the appendix are
obtained:

08

07F

061

05p

04

Time, s

03r

02r

Theta on =15 deg.

0 20 40 60 80 100 120 140 160
Vehicle Speed, Kmh

Figure. 3. Vehicle speed versus time during
acceleration

By varying the turn on angle at constant terminal
voltage and turn off angle (280 v and 30°
respectively) Fig.3 shows the variation of the ekhi
speed throughout the acceleration period. From this
figure it is clear that the vehicle reaches a hidgimal
steady-state speed as the turn on angle decreases.

4
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12deg
9deg

6 deg

Forces atthe Wheel Axle, N
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Figure. 4. Tractive and resisting forces at wheel
axle versus vehicle speed during acceleration

From Eq.14 and 16, the tractive and resisting
forces, kr and k. respectively, are plotted against
the vehicle speed during the acceleration peridd un
steady-state conditions are reached, at the same
values of the turn on angle which are used to obtai

Fig.3, as shown in Fig.4. From this figure it i®a
that, for certain turn on angle values, the tractiv
force decreases and the resisting force increases a
the vehicle speed increases up to steady-state spee
which the curves of the tractive and resisting dsrc
are intersected. For a certain vehicle speed, the
tractive force decreases while the resisting fasce
constant for the several values of the turn oneangl
used when their values increase.

From Eq.13 and 17, the characteristics of the
developed and load torque at the shaft of the wheel
axle, Ty wh and T, are obtained against the vehicle
speed, at different values of the turn on angle, as
shown in Fig.5.

— Developed Torque at wheel axle
---Load Torque at wheelaxe ||

Theta on =15 deg.
124eg.
9deg.
4000 !
6deg.

3deg.
0 deg.

0 20 L} 60 80 100 120 14 160
) Vighicle Speed, Kmh )
Figure. 5. Torque at wheel axle versus vehicle speed

during acceleration

From this figure it is noticed that the developed
and load torque applied on the wheel axle have the
same shape as that of the corresponding tractige an
resisting forces shown in Fig.4 and for the same
vehicle speed the developed torque decreases as the
used values of the turn on angle increase.

Using the values of the vehicle speed, which are
obtained at different values of motor turn on angle
into Eq.9 and 10, then substituting into Eq.11, the
characteristics of the motor developed torqug,cBn
be obtained. Also from EQq.18, the motor load torque
T_, can be determined. Then the motor developed
torque and load torque are drawn versus the vehicle
speed, during acceleration until steady-state
conditions are reached, as shown in Fig.6. From thi
figure it is clear that, for certain turn on angkdues,
the motor developed torque decreases and the load
torque increases as the vehicle speed increasts up
steady-state speed at which the curves of the
developed and load torques are intersected. For a
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certain vehicle speed, the developed torque dezseas
while the load torque is constant for the several
values of turn on angle used when their values
increase.
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Figure. 6. The motor torque versus vehicle speed
during acceleration
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Figure. 7. Motor output power versus vehicle speed
during acceleration

Using the motor developed torque, calculated
from Eq.11, and the motor speed, calculated from
Eq.12, into EQ.20 the characteristics of the motor
output power, R, can be obtained against the vehicle
speed, at different values of the motor turn onlgng
as shown in Fig.7. From Fig.7 for certain values of
motor turn on angle, the motor output power
decreases as the vehicle speed increases. Also, at
certain vehicle speed the developed power has highe
values at lower turn on angles.
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Figure. 8. Motor phase current versus vehicle
speed during acceleration

Using the values of the vehicle speed, whieh a
obtained, into Eq.9 and 10, the motor phase current
can be determined and plotted against vehicle speed
for different values of the motor turn on angle, as
shown in Fig.8. From this figure it is clear thaet
motor phase current decrease as the vehicle speed
increases and for the same vehicle speed the turren
decreases as the used values of the turn on angle
increase.

Using the values of the motor phase current,
which are obtained at different values of motor
voltage, into Eq.21, the characteristics of the anot
power losses, Bss can be drawn versus the vehicle
speed, during acceleration until steady-state
conditions are reached, as shown in Fig.9. From thi
figure it is noticed that the motor power losses
decrease as the vehicle speed increases and for the
same vehicle speed the motor losses decreases as th

used values of the turn on angle increase.
il

1
18

Thetaon=15 deg.
12 deg. q

9deg

MotorPowerLosses, Watt

6 deg
3deg. B
0 deg.

|
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Figure 9 - Motor power losses versus vehicle
speed during acceleration
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Using the predetermined motor phase current at Fig.11 it is clear that at certain values of tum o
different values ofthe motor turn on angle, into angle, the motor input power decreases as theleehic
Eq.22 the motor excessive energyexE can be accelerates and reaches a constant value at steady
computed and plotted as shown in Fig.10. state. For any vehicle speed, the motor input power
will have larger values for lower values of thentan
angle.

At certain values ahe motor turn on angle, From
Eq.6 the motor rotational and self EMF can be
calculated respectively at different values of the
vehicle speed. Then the rotational and self EMF are
plotted versus vehicle speed as shown in Fig.12 and
13 respectively.

Theta on =0 deg.

120
3deg.

100

otor Excessive Energy, W atts

M

0 0 i 0 8 10 120 1 160
Vehicle Speed, Kmh

12deg.
- ]
////'Tm =15deg

Figure. 10. Motor excessive energy versus vehicle ar 1
speed during acceleration

Motor Rotational EMF, v

From Fig.10 it is clear that at certain valoésurn o SOVemleS;me,h weome
on angle, the motor excessive energy increasdeas t
vehicle accelerates then decreases to zero before Figure. 12. Motor rotational EMF versus vehicle
reaching the final steady state speed. For anychehi speed during acceleration
speed, the motor excessive energy will have larger

values for lower values of the turn on angle.

=

From Fig.12 it is clear that at a constanttan
angle, the motor rotational EMF increase as the
vehicle accelerates and then at a constant vehicle
o0 speed the rotational EMF decreases as the turn on
angle increase.
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Vehicle Speed, Kmh

Figure. 11. Motor input power versus vehicle speed e w W m w W W
during acceleration Vetice Speed, K

Multiplying the predetermined motor phase
current, which is obtained at different valuestioé
motor turn on angle from Eq.9 and 10, by the motor
terminal voltage, the motor input power, R can be From Fig.13 it is clear that at a constanhtan
also computed and plotted as shown in Fig.11. From angle, the motor self EMF decrease as the vehicle

Figure. 13. Motor self EMF versus vehicle speed
during acceleration
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accelerates and the rate of decrement increases at
lower values of turn on angle. Then at a constant
vehicle speed the self EMF will have larger valfggs
higher values of the turn on angle.

Performance characteristics of the EV with a
variable turn off angle: Using the data of the
switched reluctance motor and vehicle given in the
appendix, the approach, presented in (3), is regeat
using 4" order Runge-Kutta numerical method of
integration to obtain the performance charactessti
of the vehicle during acceleration at variable tafh
angle and constant turn on angle and terminal
voltage.

Time,s

24 deg.

21deg.

18deg.

Theta off =15 deg. - 30deg. ]|
eg.

0 . 1 | I I
0 20 4 60 80 100 120 140 160

Vehicle Speed, Km/h

Figure. 14. Vehicle speed versus time during
acceleration

By varying the turn off angle at constant turn ol a
terminal voltage (0° and 280 v respectively) Fig.14
shows the variation of the vehicle speed throughout
the acceleration period. From this figure it isacle
that the vehicle reaches a higher final steadystat
speed as the motor turn off angle increases.

3‘,x10‘

— Tractive Force
- Road Load Force| |

Theta off =15 deg.

18 deg.

21deg.

24 deg.

27 deg.
30deg.

Forces atthe Wheel Axle, N

0 20 @ 60 8 100 120 140 160
Vehicle Speed, Km/h

Figure. 15. Tractive and resisting forces at wheel
axle versus vehicle speed during acceleration

Using Eqg.14 and 16, the tractive and resisting
forces, kr and k. respectively, are plotted against
the vehicle speed during the acceleration peridd un
steady-state conditions are reached, at the same
values of the turn off angle used to obtain Figds},
shown in Fig.15. From this figure it is clear thit
certain values of the turn off angle, the tracfiorce
decreases and the resistifigrce increases as the
vehicle speed increases up to steady-state speed at
which the curves of the tractive and resisting dgrc
are intersected. For a certain vehicle speed, the
tractive force decreases while the resisting fdsce
constant for the several values of turn off angledu
when their values decrease.

From EQg.13 and 17, the characteristics of the
developed and load torque at the shaft of the wheel
axle, Ty wn and T, are obtained against the vehicle
speed, at different values of the motor turn offlan
as shown in Fig.16. From this figure it is notidbdt
the developed and load torque applied on the wheel
axle have the same shape as that of the corresgpndi
tractive and resisting forces shown in Fig.15 amd f
the same vehicle speed the developed torque
decreases as the used values of the turn off angle
decrease.

— Developed Torque at wheel axe
--- Load Torque at wheelaxe ||

Thetaoff =15 deg

18 deg

21deg

24 deg

27 deg.
30deg.

4000

0 0 0 60 80 100 120 % 160
Viehicle Speed, Kmh

Figure. 16. Torque at wheel axle versus vehicle
speed during acceleration

Using the values of the vehicle speed, whieh a
obtained at different values of the motor turn off
angle, into Eq.9 and 10, then substituting intol&g.
the characteristics of the motor developed tordue,
can be obtained. Also from Eq.18, the motor load
torque, T, can be determined.

Then the motor developed torque and load trqu
are drawn versus the vehicle speed, during
acceleration until steady-state conditions aretredgc
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as shown in Fig.17. From this figure it is cleaatth

for certain values of the turn off angle, the motor
developed torque decreases and the load torque
increases as the vehicle speed increases up ttystea
state speed at which the curves of the develaped
load torques are intersected. For a certain vehicle
speed, the developed torque decreases while the loa
torque is constant for the several values of tufn o
angle used when their values decrease.
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. 17. The motor torque versus vehicle speed

during acceleration
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Figure. 18. Motor output power versus vehicle speed
during acceleration

Using the motor developed torque, calculated
from Eqg.11, and the motor speed, calculated from
Eq.12, into Eq.20 the characteristics of the motor
output power, R, can be obtained against the vehicle
speed, at different values of the motor turn offlan
as shown in Fig.18.

From Fig.18 for certain values of motor turffi o
angle, the motor output power decreases as the
vehicle speed increases. Also, at certain vehded
the developed power has higher values at higher tur
off angle.

00
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Thela off 15 deg.
/ey
i /
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MoterPhase GCurrent, &

|
0 Pl 4 il |
Vehiel Spesel Kinh

! !
100 il 0 180

Figure. 19. Motor phase current versus vehicle
speed during acceleration

Using the values of the vehicle speed, whieh a
obtained, into Eq.9 and 10, the motor phase current
can be determined and plotted against vehicle speed
for different values of the motor turn off angles a
shown in Fig.19. From this figure it is clear thiae
motor phase current decrease as the vehicle speed
increases and for the same vehicle speed the turren
decreases as the used values of the turn off angle
decrease.

Theta off =15 deg. 1
18 deg.

21 deg.

24 deg. 1

MotorPowerLosses, Watt

27 deg.
30deg.

0 2 ) 60 8 100 10 140 160
Vehicle Speed, Kmih

Figure. 20. Motor power losses versus vehicle
speed during acceleration

Using the values of the motor phase current,
which are obtained at different values of motontur
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off angle, into Eq.21, the characteristics of theton
power losses, Bss can be drawn versus the vehicle
speed, during acceleration until steady-state
conditions are reached, as shown in Fig.20. Frasn th
figure it is noticed that the motor power losses
decrease as the vehicle speed increases and for the
same vehicle speed the motor losses decreases as th
values of the turn off angle decrease.

Using the predetermined motor phase current at
different values ofthe motor turn off angle, into
Eq.22 the motor excessive energyexE can be
computed and plotted as shown in Fig.21.

T
30 deg.
400

350 27 deg.
3001

24 deg.
2501
2008 21 deg.

1501

Motor Excessive Energy, Watt.s

1000 18 deg.

Theta off =15 deg.

+ I I I I I
K 20 40 60 80 100 120 140 160

Vehicle Speed, Km/h

Figure. 21. Motor excessive energy versus vehicle
speed during acceleration

From Fig.21 it is clear that at certain valoéshe
turn off angle, the motor excessive energy increase
as the vehicle accelerates then decreases to zero
before reaching the final steady state speed. Fpr a
vehicle speed, the motor excessive energy will have
larger values for higher values of the turn offleng
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Figure. 22. Motor input power versus vehicle speed
during acceleration

Multiplying the predetermined motor phase
current, which is obtained at different values o t
motor turn off angle from Eq.9 and 10, by the motor
terminal voltage, the motor input power, R can be
also computed and plotted as shown in Fig.22. From
Fig.22 it is clear that at certain values of thetaff
angle, the motor input power decreases as theleehic
accelerates and reaches a constant value at steady
state. For any vehicle speed, the motor input power
will have larger values for higher values of thentu
off angle.

At certain values of the motor turn off andgfeom
Eq.6 the motor rotational and self EMF can be
calculated respectively at different values of the
vehicle speed. Then the rotational and self EMF are
plotted versus vehicle speed as shown in Fig.23 and
24 respectively.

120

Motor Rotational EMF, v

Theta off =15 deg

0 20 40 60 80 100 120 40 160
Vehicle Speed, Km/h

Fig. 23. Motor rotational EMF versus vehicle speed
during acceleration

From Fig.23 it is clear that at a constannh taff
angle, the motor rotational EMF increase as the
vehicle accelerates and then at a constant vehicle
speed the rotational EMF decreases as the turn off
angle decreases.
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18 deg.

Motor Self EMF, v

-100r 30 deg]

Ry 1 1 1 1 1 1
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Figure. 24. Motor self EMF versus vehicle speed
during acceleration
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From Fig.24 it is clear that at a constannh taff

angle, the motor self EMF decrease as the vehicle

accelerates and the rate of decrement increases at

higher values of turn off angle. Then at a constant
vehicle speed the self EMF will have larger valfggs
lower values of the turn off angle.

5. Conclusions

From the performance characteristics of the EV

operating in the acceleration mode, the followigg i
observed, as the motor the motor turn on decreases
and turn off angle increases:

the vehicle reaches a higher final steady-state
speed.

the tractive force increases while the resisting
force is constant for a certain vehicle speed.
the motor developed torque increases for a
certain vehicle speed while the load torque is
constant.

the motor developed power has higher values
at certain vehicle speed.

the motor phase current will have larger values
for any vehicle speed.

the motor power losses has higher values at
certain vehicle speed.

the motor excessive energy has larger values at
certain vehicle speed.

the motor input power increases at a constant
vehicle speed.

the motor rotational EMF has larger values at a
constant vehicle speed.

the motor self EMF has lower values at a
constant vehicle speed.

Also for certain operating values of the mdton

on and turn off angle:

the tractive force decreases and the resisting

force increases as the vehicle speed increases
up to steady-state speed at which the tractive

and resisting forces are equal.

the motor developed torque decreases and the
load torque increases as the vehicle speed
increases up to steady-state speed.

the motor developed power decreases as the
time increases until the vehicle reaches steady-
state speed at which the developed power

becomes constant.

the motor phase current decreases as the
vehicle accelerates and reaches a constant
value at steady state.

the motor power losses decreases as the
vehicle accelerates.

the motor excessive energy increases as the
vehicle accelerates then decrease to zero value
near the final steady-state speed.

the motor input power decreases as the vehicle
accelerates.

the motor rotational EMF increases as the
vehicle speed increases up to steady-state
speed.

the motor self EMF decreases as the vehicle
accelerates.

List of symbols

As Equivalent frontal area of the vehicle
in m?.

Co Coefficient of rolling resistance.

Cp Aerodynamic drag coefficient.

Eexc Motor excessive energy.

FrL Road load force in N.

Frr Tractive force in N.

g Gravitational acceleration constant in
m/s’.

i Motor phase current

lph The average value of the motor phase
current in A.

Iy Rated value of the motor phase
current in A.

Ky Constants.

Rotational inertia coefficient.

Aligned inductance in mH.

Unaligned inductance in mH.

ky
Km
L Motor phase inductance.
La
Ly
m

The gear ratio of the mechanical
coupling between the motor and the
axle of the vehicle wheels.

M yer Total mass of the vehicle in kg.

Npn Number of motor phases.

N, Number of rotor poles.

Plos Motor power losses in W.

Prin Motor input power in W.

Pme Motor output power in W.

R Motor phase resistance in ohm.

'wh Radius of the wheel in m.

Ty Frictional brake torque in Nm.

Td wh The developed torque at the shaft| of
the wheel axle

Te Motor developed torque in Nm.

T, Load torque at the shaft of the motor
axle in Nm.

Twn Load torque at the shaft of the wheel
axle in Nm.

% Motor phase voltage in v.

A DC supply voltage in v.

Ver Vehicle speed in km/h.

B Road grade angle.

B, Rotor poles arc.

0 Rotor position in elec.rad.

0o The angle at which the motor phase
current equal zero after decaying.

Ot Turn off angle.

Oon Turn on angle.
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A Motor phase flux linkage.
p Air density in kg/mi.
® Motor speed in elec.rad/s.
O Motor speed in rad/s.
Appendix (A)
Data of the SRM

P, =60 kW, \/=280 V, R=0.072 ohm, £3.334 mH,
L,=0.445 mH, Nr=4, Ns=6, ,p=3, Bs=Br=/6,
j=0.3, b=0.0183,+2214 rpm

Vehicle dynamic parameters

p =1.225 kg/m, Cp =0.3, A =2 nf, M\e»n=1500 kg,
fwh =0.2794 m, Tb=0, Wn-max=160 km/h, ¥ =100
km/h, km =1.08, ¢=0.01, g =9.81mfs m= 1.4575,

B=2° Nnw =0.95.
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