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Abstract—With the increasing need of electric vehicles (EV),
necessary development is required to get reliable, efficient and
economical drives for electric propulsion. Electric propulsion
system using Induction Motor drive (IM) is becoming so
popular because of its reliability, technological maturity and
low cost. Field Orientation Control (FOC) is so popular in
controlling the IM, but it has disadvantages like sensitive to
parametric variation, external disturbance, load variation and
also algorithm takes more time for execution, hence it requires
a very fast microprocessor with high millions of instructions
per second (MIPS) for implementation. In this paper, IM is
controlled by using Direct Torque Control (DTC) technique
because of its simple configuration and gives quick response.
The mathematical model takes into account of the inverter, IM
dynamics and vehicle aerodynamics. In this paper, the response
of the IM with DTC for EV load for driving cycle consists of
starting, acceleration, constant speed and deceleration modes
are explained and validated using MATLAB/SIMULINK.

Index Terms—Direct Torque Control (DTC), Electric Vehicle
(EV), Induction Motor (IM), MATLAB

I. INTRODUCTION

N developing countries like India, urban transportation is

the prime issue on environmental and economic aspects.
Air pollution, global warming, the rapid depletion of the
earth’ s petroleum resources and also rapid increase in
fuel rate are the major concerns, so there is a need to
develop an efficient, clean and safe transportation. EV
is only an alternative to replace conventional Internal
Combustion Engine (ICE) for urban transportation since it
has advantages like high efficiency, free from petroleum,
absence of emissions, quiet and smooth operation [1].
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Fig. 1. Basic electrical composition of the 4-wheeler EV
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EV system consists of electric motor, power converter,
electronic controllers, energy source, transmission device,
and wheels as shown in Fig.1. Based on the control inputs
from the accelerator and brake pedals, the vehicle controller
provides proper control signals to the electronic power
converter, which functions to regulate the power flow
between the electric motor and energy source [2].

Table I shows the comparison between DC, IM, PMSM

TABLE I
COMPARISON BETWEEN DIFFERENT MACHINES [3]

Characteristics DC IM PMSM SRM
Power Density 25 35 5 35
Efficiency 25 35 5 3.5
Controllability 5 5 4 3
Reliability 3 5 4 5
Technological maturity 5 5 4 4
Cost 4 5 3 4
> Total 2 27 25 23

and SRM for EV application, each of them is graded
from 1 to 5 points, where 5 points means the best. The
comparative study has revealed that the induction motor
drives are preferred for EV propulsion, due to their low
cost, robust, high reliability, established converter, wide
speed range, manufacturing technology, low torque ripple,
less acoustic noise, absence of position sensors and free
from maintenance [4].

Generally FOC is used for improving the dynamic
performance of induction motor drives for electric vehicle
propulsion. However in FOC, in order to decouple the
interaction between flux control and torque control uses
quite complicated coordinate transformations to provide
fast torque control of an induction motor. Hence the
computation algorithm takes more time for execution and
its implementation usually requires a fast micro processor
with MIPS. It is also sensitive to the system variations
and inadequate rejection of external disturbances and load
changes.

Several researchers already used DTC technique for con-
trolling IM as electric propulsion system because it can
provide fast torque control and doesn’t require heavy on-
line computation time. The Direct Torque Control (DTC)
was proposed by M.Depenbrock [5] and I.Takahashi [6] in
1985. Some of the recent work for controlling IM for EV
application is in [7]-[10]. In this paper, analytical expressions
are derived for DTC of IM with EV load. In this paper,
section II is devoted to a modeling of vehicle load. In
section III, explains about system description which includes
the modeling of IM, Inverter and different blocks in DTC.
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Simulation results for DTC of IM in acceleration mode,
constant speed mode and deceleration modes are presented
in section IV.

II. VEHICLE MODEL

The straight line motion of a vehicle can be approximately
modeled using following equation [1]

dv
Y _F-3F
M

(D

where,

v=speed of the vehicle (m/s)

m=mass of the vehicle (kg)

F=Tractive effort of the vehicle (N)

F,. are the forces resisting vehicle’s motion. These include:
o Force due to rolling friction of the tyres with the road

surface given by

2
g=9.8

Ffriction = ,urmgcosﬁ

where, u,.=coefficient of rolling friction,
m/ s>=gravitational acceleration.

o Aerodynamic drag as vehicle tries to move through air
given by

3)

where, Cy=coefficient of drag, A=aerodynamic refer-
ence area (m?), p=density of air (1.2 kg/m? at 20°c).

o Grading resistance when vehicle tries to climb up or
down the slope. The mass of a vehicle creates compo-
nent given by

1
Fdrag = §Cd,0AU2

“4)

In case of electric vehicle, the relation between vehicle speed
to motor speed (rpm) is given by

Fgradient = mgszn@

TNpr
= 5
Y= 30am, )
where, r=wheel radius, (G=gear transmission ratio,

ny=transmission efficiency (0.97 to 0.98).
Substituting all above equations in equation (1), the overall
dynamic equation of motion of the vehicle on flat road is
given in [1] is
Tm,
Z)— =

(errQEi r ©

where, J=moment of inertia of vehicle, it can be accounted
for by increasing the mass by 5% [11].

Using the equations (5 & 6), the vehicle load is modeled
in the Matlab/simulink. The power rating (F,,,) of the motor
can be given by

J  dv

1
— prmg — §C'dpAv2

27Ny,
_— 7
60 (N

For the max speed of 80 kmph, the motor rating is obtained
as 2.1 kW

Pm:FtU:Tm

III. SYSTEM DESCRIPTION

The complete IM drive system is as shown in Fig 2. It
includes IM, Inverter, torque and flux hysteresis controller,
optimal switching table and estimation of torque and flux.
Each block in this system is modeled separately and inte-
grated together.

ISBN: 978-988-19252-8-2
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

TABLE 11
VEHICLE PARAMETERS USED FOR THE STUDY [12]

Parameter Value
Mass of the vehicle (m) 500 kg
Aerodynamic area (A) 24 m?2
Aero dynamic drag (Cy) 0.51

Rolling resistance (ur) 0.015
Wheel radius (r) 0.26m

Gear Transmission Ratio (G) 10
Transmission Efficiency (1) 0.98

INVERTER

Optimal
switching
Table

Speed

Sensor

Fig. 2. Block diagram of closed loop Direct Torque Control of IM

A. Modeling of Induction Motor [13]

The machine model equations in general reference frame
are given below, where g denotes the general reference frame.

v = iRy + jwgd + pd (8)

0 =Ry + j(wg — wy) + pt] 9)
P9 = Lyid + Lynid (10)

¢ = Ly + Lypid (11)

The developed electromagnetic torque 7, equation can be
given as

3P . }
Tem = T(,(/Jgdlgq - wgqlgd) (12)
For stationery reference frame the machine model equations
will be modified to the following equations, where axis is
aligned with the magnetic axis of the stator coil, R.

vy =g Ry + jwathy + pYog (13)
0=y Ry + j(wa — wa )by + piby (14)
Vg = Lsig + Ly (15)

V& = Lpi® + Lpi® (16)

Where (¢, y) are the stator and rotor flux linkages
respectively. From Eq. (15) rotor current can be derived as

et (,(/}Sa B LSZ?)

= 17
i I (17)
Combining Eq. (15) and (16)
Ly, ‘-
Vg = i + Lig (18)
L,
where L} = %
And stator current can be expressed as
o ¥ Ly,
o“==I2 - . 19
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The developed electromagnetic torque 7., equation can be
given as

3P L 0 a

Tem, - T LrLs (rlzbs X 1/15 ) (20)
3P Lo oot

Tem = T 13- (WSS Isina) @

where a = J; — d, denotes the angle between them while
rotating in synchronous speed.
The mechanical torque equation can be given as

N

Phasor diagram of stator and rotor flux linkage space vector

Fig. 3.

dw

Tem_T =
L=

+ Bw (22)

B. Inverter Modeling

Fig.4 shows the inverter which supplies the input voltage
for the three phases of IM assuming that it is star connected.
Each phase leg comprises of two power semiconductor
devices.

s1 o1 83 D3

Vde/2 T

0
Vdc/2

sz bz [- 54 - D4

Fig. 4. Three phase IGBT based Inverter

Viao = (S1) * V; — (S6) * V; (23)

Vio = (8) 125 — (S0)x 122 (4)

Voo = (S5) * %‘1 — (82) * V; (25)
where Va,, Vo, & Vi, are pole voltages

Van = 2Viao — 3Vio — Voo (26)
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Similarly for the other phases Vpn & Von where Van,Ven
and Vo N are line-neutral voltages and V. is dc-link voltage
Here we assumed switch-on state for upper switches is
treated as 1 and lower switches as -1.

C. Torque and Flux hysteresis comparators

In this block, the reference and estimated values of torque
and flux linkage vector are compared. If the reference torque
is larger than the actual value, the comparator output as state
1 or otherwise -1. If the reference flux is larger than actual
value, the comparator output state 1 or otherwise 0.

Torque hysteresis comparator Flux hysteresis comparator

1 1

0

[TrefTest|

Fig. 5. Torque and Hysteresis Comparators

D. Optimal switching Table

Vi(-1,1,-1)

Lo Kth sector
Vu(1,1,1) Yi(1.1,1)

Vi(1,-1,-1)

Vs(-1,-1,1) Ve(1,-1,1)

Fig. 6. Definition of voltage vectors and sectors

The estimated torque and flux values are compared with
the reference values, the error is compared in hysteresis
comparator and the output of the comparators along with the
flux vector angle () are together used in switching table to
determine the appropriate voltage vector. The voltage vector
obtained from the switching table is then applied to the
Voltage Source Inverter (VSI). The phase voltages can be
represented in switch states and space vector for voltage as

2 211 211
Vg = §V(Sa+5bexpj?+scexp—j?) 27

Where v is the primary voltage space vector, S,, S, and
S, represent three-phase switching states.

There are six active vectors V7 to Vi which are apart
from 60° in space and the two zero voltage vectors Vf and
V; are located in the center of the space-vector plane. For
a stator flux space vector that lies in the k' sector, the
voltage vectors vy, V41 and vi_; are chosen to increase the
magnitude of the flux vg49, vx—2 and vg_3 can be chosen to
decrease the flux magnitude [13]. In general, switching table
is shown in Fig.7.
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Fig. 7. Switching Table g 6L
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g
o
E. Torque and Flux estimator Al
In order to determine the actual torque and flux linkage,

195 - 0.5 0 05 1 15

flux and torque estimators are used. The three-phase e g sana O

variables (abc) are transformed into d-q axes by the
following equation. Fig. 8. Stator flux vector trajectory in d-q plane

2 -1 =1 f a 1500 T
|: ﬁd :| = |: 8 i i :| fb (28) gggg 77777777777777777777777777777777777777777 i —-—-reference speed [------
q \/g \/g fc % 0 actual speed [
500
where f can be voltage, current and flux linkages. %fg T o
The stator flux linkage in d-q axes are estimated by: § 0 S —
g 15
’(/}ds = /(Uds - Rsids)dt (29) gogf
3 0
-
Pgs = / (vgs — Rsigs)dt (30) 2 0 V/\\_//\\//\\//\ A AVAVAVAVAVS
5 20 0.1 02 03 0.4 05
The flux linkage phasor can be given as Timelsec)
Fig. 9. Dynamic Response of IM when reference speed is 1200 rpm at
s = 4 /wgs + 1/,35 (31) No load
0=t *1(%5) (32) :
=tan iy A. Dynamic response of IM at No load
S

This mode is also called free acceleration mode. Fig. 9
shows simulated waveforms of rotor speed, torque, stator flux
and stator current when motor is at no-load. Fig. 9 shows that
at time of starting (i.e from 0 to 1200 rpm) the motor draws
an inrush current. At the time of starting, motor current has
some distortion and after that three phase motor currents are

3 close to sinusoidal and we can observe that the variation of

Test = §P (Yasiqs — Ygsids) (33)  the frequency of the currents as speed changes from zero
to the nearly rated speed of the motor i.e 1200 rpm. Once

the motor reaches to rated speed, motor has to supply power

TABLE III only to the load.
MOTOR PARAMETERS USED IN THE SIMULATION

The location of the stator flux linkage vector is determined
by equations (31) and (32). This angle can choose an
appropriate set of vectors depending on the flux location.

The electromagnetic torque can be estimated as

Parameter Value B. Dynamic response of IM during load variation at constant
Motor rating (P) 2.1kW speed

Stator resistance (Rs) 7.83Q2 P

Rotor resistance(Ry) 7550 Fig. 10 shows that vehicle is loaded from 0 N-m to (12
Stator self inductance (L) A4751H N-m) at constant speed of 1200 rpm. Loading can be done
Rotor self inductance (L) A4751H .

Mutual Inductance(L ) 4535H by use of external step source which change from 0 to 12
Moment of inertia (J in kg — m? ) .06 at 0.7 sec. The developed motor torque simply follows the
No of poles (P) 4 reference value and it indicates that control is extremely fast.

During loading, speed changed from 1200 rpm to 1140 rpm
due to change of load from O to 12 N-m and also it draws

more current than at No-load.
IV. SIMULATION RESULTS AND DISCUSSION

The DTC of IM has been simulated in Matlab/Simuink G- Dynamic Response of IM during deceleration

using basic simulink blocks. The simulation parameters have Fig.11 shows the transient response of vehicle motor

been given in Table III. Fig.8 shows the stator flux vector during deceleration. When the IM is slowed down at 0.6

trajectory in d-q plane. sec i.e from 1200 rpm to 600 rpm, a negative torque is
ISBN: 978-988-19252-8-2 WCE 2013
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Fig. 10. Transient response of IM when step change in load from 77, = ON-

m to 77, = 12N-m
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Fig. 11. Dynamic response of IM during deceleration mode

applied to the EV, it behaves as a electric generator which
can produce electrical power back to source. This energy is
utilized or stored in energy sources like batteries. we can
also observe that IM currents during acceleration and decel-
eration are maximum. Fig. 11 shows that the IM currents
are approximately near to sinusoidal and we can observe
that the variation of the frequency of the currents as speed
changes from 1200 rpm to 600 rpm at 0.6 second. This mode
shows the behavior of reversal of a phase current during
regenerative braking operation.

D. Dynamic response of IM during reverse rotation
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Fig. 12.  Dynamic response of IM during reverse rotation
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Fig. 12 shows that phase sequence reversal of motor
currents when the direction of rotation is reversed from (1200
rpm to - 1200 rpm at 0.6 second) and (-1200 rpm to 1200 rpm
at 1.6 second) and also shows the variation of the frequency
of the currents.

E. Dynamic behavior of IM on application of vehicle load

Fig.13 shows the transient response of motor when the
electric vehicle load is applied. The vehicle load parameters
are given in Table II. The electromagnetic torque is able to
track the vehicle load torque efficiently. From Fig. 9-13, we
can be observe that torque response is very rapid especially
during the starting stage due to the fact that stator flux is
controlled while torque takes some time to reach its value.
The result shows that the controller works very effectively
and output simply follows the given reference. The results
show that DTC will have quick response and flexible in
control and best suited for the vehicle application.
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Fig. 13. Dynamic behavior of IM on application of vehicle load

V. CONCLUSION

The present paper shows the comparative study of
traction motors used in electric vehicle, in which IM is best
suited for the electric vehicle application. In this paper, the
mathematical model of VSI, IM, each block in DTC of IM
has been explained in detail. Analytical expressions for VSI
fed IM with DTC and combined the vehicle aerodynamics
are derived and validated using MATLAB/SIMULINK by
using only basic simulink blocks. The simulation is carried
out for different cases considering the acceleration mode,
constant speed and deceleration mode of electric vehicle.

The DTC based induction motor control method for elec-
tric vehicle propulsion system is simple and it has a quick
response. As from the simulation results we can conclude
that this scheme works effectively in motoring as well as
regenerative braking with partial recovery of energy back to
the source. As a result, it saves the energy and thus improving
the efficiency of the system. Thus the control of IM using
this scheme with regenerative braking is a viable option for
EV application.
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