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Abstract

This paper presents the basic structure, the model, and the design of a torque
controller for an electric vehicle (EV). The proposed EV is the transformation
of a conventional vehicle with internal combustion engine to electric vehicle,
where the original traction system based on an internal combustion engine
is replaced by an electric traction system. The controller is based on the
technique of direct torque control (DTC) plus a term that compensates the
ohmic drop in the stator windings of the induction motor (IM). In order to
obtain a constant switching frequency, the space vector modulation (SVM)
technique is used to generate the pulses of the inverter. In order to test the
performance of the control proposed, numerical results are presented, which
are compared with conventional DTC scheme.

---------- Keywords: Electric drive, Electric vehicle, Improved direct
torque control, Induction motor, Space vector modulation.

Resumen

Este articulo presenta la estructura basica, el modelo y el disefio de un
controlador de par para un vehiculo eléctrico (EV). El EV propuesto es
el resultado de la conversion de un vehiculo convencional a un vehiculo
eléctrico, donde el sistema de traccion original basado en un motor de
combustion interna es remplazado por un sistema de traccion eléctrica. El
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controlador esta basado en la técnica de control directo de par (DTC) mas
un término que compensa la caida de voltaje en los devanados del estator del
motor de inducciéon (IM). Con el fin de obtener una frecuencia de conmutacion
constante se utiliza la técnica de modulacion PWM vectorial para generar los
pulsos del inversor. Se presentan los resultados de simulacion para probar el
desempefio de la estrategia de control propuesta, la cual es comparada con el
esquema de DTC convencional.

---------- Palabras Clave: Accionamiento eléctrico, Vehiculo eléctrico,
Control directo de par mejorado, Motor de induccion, PWM vectorial

Introduction

Nowadays, there is a worldwide trend to use
means of transport more environmentally friendly.
This encouraged the search for transportation
alternatives for replacing internal combustion
vehicles and to reduce emissions [1]. EVs are
an excellent alternative to the indiscriminate
use of hydrocarbons and air pollution problems.
However, they have the problem of having low
autonomy and long times of battery recharge [2].
There are different types of EVs whose main
difference is the main energy source, e.g. EVs
based on fuel cells and battery-powered EVs [3].

In recent years there have been several researches
on EVs. In [4] is presented an EV driven by a
doubly fed IM. The Government of the Republic
of Ireland set a target of 10% of all vehicles in its
transport fleet be powered by electricity by 2020
[5]. At the National University of Mexico were
built three EVs prototypes: two small buses and
a van [6]. In [7] is presented the design of an EV
driven by two IMs. [8] is an analysis of the basic
features of an EV and its major components. A
summary of the evolution of electric transportation
in Mexico City takes place in [9].

The DTC was introduced over 25 years by [10]
in Japan, and by [11] in Germany. This method
allows fast and accurate control of flux and torque
of IM. This control strategy is widely used in EV
[12]. In the DTC direct and independent flux and
torque control are achieved through optimum
selection of the inverter switching modes. With
this technique, fast dynamic response, low
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switching frequency and harmonics reduction,
are accomplished [13].

The conventional DTC uses a table to determine
the inverter switching modes [14]. This
switching technique is very simple and easy to
implement, however it has the disadvantage
that the switching frequency is not constant
[15]. Other switching techniques are used in
conjunction with DTC, such is the case of SVM,
which has constant switching frequency. In [13],
[16-18] present different control strategies: in
particular present DTC using SVM, but stator
ohmic drop are ignored in the calculation of
stator voltage space vector. SVM is one of the
most important switching techniques for voltage
source inverters (VSI), because it provides: low
harmonic distortion, quick response, and simple
implementation. The SVM principle is based on
switching between two adjacent active vectors
and two zero vectors, during a switching period.

Electric traction system model

This section presents the model and description
of the main components of the electric traction
system proposed in this work. Figure 1 shows
a diagram of electric traction system, which
can be subdivided into electrical/electronic and
mechanical part. The IM is part of both because
this device performs the electrical to mechanical
energy conversion. The following lines describe
the operation and mathematical model of each of
the electric traction system components shown in
figure 1.



Electrical link
[ Mechanical link

Transmission

Three-
phase
induction
motor

Converter

Tire
~«€———FELECTRICAL PART—p————MECHANICAL PART—3

Figure 1 Diagram of electric drive system

Battery bank

The battery bank is supposed with an ideal
performance, i.e. it is considered as a source of
constant DC voltage equal to 360 V. The battery
bank consists of 30 batteries of 12 V each,
connected in series.

DC/AC converter (inverter)

To operate the IM of EV by the battery bank, is
needed a power electronic converter to transform
the DC battery voltage to a three-phase AC
voltage. This converter is known as a three-phase
DC/AC converter, or simply three-phase inverter.

The converter used is a VSI, as shown in figure 2;
it consists of six switching elements (IGBTs) and
six freewheeling diodes. U, represents the DC
voltage of the battery bank. The three-phase AC
voltage is obtained from the terminals a, b and c.
For the DC/AC converter, the model presented
in [19] is used. The output voltage space vector
of the inverter U, depends on the value of U, and
modulation signals S , S, and S, as expressed in
the equation (1).

— 2 j2m —j2r
u, ZEUd [Sa +8,e” + 8 e /3] (1)
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Figure 2 DC/AC converter

Three-phase induction motor

Figure 3 shows a diagram of three-phase squirrel
cage IM, which is used for obtain its model [20],
it shows the three phases of the stator as, bs y cs,
and the equivalent three phases of the rotor ar, br
y er. 0 is the angular position of the rotor and @,
is the angular velocity of the rotor.

“axis bs
axis br

as

axiscs/ | .
7 ;axis cr

Figure 3 Three-phase induction motor

The equation (2) is the model of the electrical
subsystem of squirrel cage IM in the stationary
reference frame.

2
0=RT+_jug ()
rr dt JoY,
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where, U is the stator voltage space vector, i and
i are the space vector of stator and rotor currents,
R_and R are the resistances of stator and rotor,
y and y_are the space vector of stator and rotor
flux-linkage.

The flux-linkage space vectors are given by the
equation (3).

3)

_ _ 3 _
L =—M
r m 2 sr (4)

where, L _is the total stator inductance, Zx is the
stator self-inductance, M is the mutual inductance
between stator windings, L, is the total rotor
inductance, L, is the rotor self-inductance, M is
the mutual inductance between rotor windings,
L is the magnetizing inductance, and M is the
peak value of the mutual inductance between
stator and rotor windings.

The expression to calculate the torque developed
by the IM is not unique, there are various. For
example, the equation (5) for electromagnetic
torque is used in DTC.

L ,
T, =—P—"—y Xy, ()

where L'=L, _LL
Other expression for the electromagnetic torque
that is useful to estimate this one is presented in
equation (6).

3 -
T =—Pw._xi
e 2 l//S S (6)
Transmission and tires

For the transmission-tires set, the torque
provided to the load 7, (EV in this case) by the
electric motor is considered as input, and the
output is the traction force /', on the tires. If a
simple transmission is considered, shown in the
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figure 4, where r is the radius of the tire, 1, is
the transmission efficiency, and G is the ratio of
angular speed reduction.

Figure 4 Representation of the transmission

The equations (7a) and (7b) model this type of
transmission. Equation (7a) is used when the
electrical machine delivers mechanical power,
i.e. functions as motor (normal operation) and
equation (7b) is used when the electrical machine
receives mechanical power, i.e. functions as a
generator (regenerative braking).

r

T, =——F

L ﬂgG te (73)
r

T, = UgEFte (7b)

Likewise, in equation (8) the relation between
the linear velocity v of the EV and the angular
velocity w_ of the motor is shown.

®, =G> ®)
r

Vehicle dynamics

The forces acting on the EV moving on a slope
with angle y, are shown in figure 5.

Figure 5 Forces acting on the EV



The friction force F/ between the tires and the
surface on which the vehicle moves is given by
the equation (9).

F, = p,mg cos(y)sign(v) )

where u is the friction coefficient, m is the EV
total mass, g is the acceleration due to gravity,
sign(-) is the sign function and v is velocity.

The force of friction with the wind is the equation

(10).

Fy=3pACY (10)
Where p is the air density, 4 is the EV frontal
area and C, is the drag coefficient.

The equation (11) is the force F, required to
move up the EV over a slope, is the component
of weight along the slope.

An improved direct torque controller applied to an electric vehicle

Applying Newton’s second law to the EV and
using equations (9), (10) and (11), the equation
(12) that relates the traction force F',, with speed
v is obtained:

F,=ma+p_mgcos (7/) sign(v)+4 pAC,V? +mgsin(;/) 12)

where a is the EV acceleration.

Considering the equation (13) of torques of IM.

do
T, =J7;+Bwr+rL (13)
where: 7, is the electromagnetic torque, J is the
total inertia (rotor and EV), B is the viscous
friction coefficient of IM, wr is the rotor
mechanical angular velocity, and z, is the load
torque.

In this case the motor load torque is the EV,
therefore, it is possible to use equations (7a),
(7b), (8), (12) and (13) to obtain the model of the

F,. =mgsin(y) (11) mechanical part of the EV, equations (14a) and
(14b).
do, n,G’ 3 pAC,”* ,  p,mgreos(y)sign(v) mgrsin(y) ”
d G am | e G G (142)
ng mr ng 778 ng
do, _ : G* 2 (rﬁ Bo, - PAUgfd’” - u,,mg,reos(y)sign(v) - mgngrsin(;/)J (14b)
At JG +mnr 26 G G

So the EV model is given by the equations (1), (2)
for the electric part, (5) for the torque developed
by the motor and (14a), (14b) for the mechanic
part.

Direct torque control

The DTC allows precise and fast control of
flux and torque of the IM required by the EV
dynamics. This control strategy is widely used in
EV [12]. With this control technique fast dynamic
response, low switching frequency, and reduced
harmonics are achieved [13].

Flux-linkage and torque Estimator

For the DTC is necessary to estimate both the
magnitude and angle of the stator flux-linkage
space vector, as well as the electromagnetic
torque. The estimation is based on the equation
(2). The estimated stator flux-linkage space
vector, equation (15), is obtained from the stator
voltage equation [21].

v, =]

¥, is the estimated stator flux-linkage space vector.
To make this estimation the measurements of

~R,)dt (15)
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voltages and currents in the stator are used. This
estimation also depends on the stator resistance.

Already known (by estimation) the value of the
stator flux-linkage space vector, it is possible
to estimate the electromagnetic torque by the
equation (16).

A 3 Z -
fe=5P WX (16)
Direct torque control switching table

The DTC is based on the electromagnetic torque,
equation (5), by expressing the torque in terms of
the modulus |/ | and |l/7, | and the angles p_and p ,
of the stator and rotor flux-linkage space vectors
equation (17) is obtained [22].

Lm _’X_ —
AL

s r

e

2p
’ 1

L (17)
L'L

s r

Vs

2p
2

Wr’ Sin(ps_pr)

Figure 6 shows the space vectors involved in the
production of the torque.

sQf _

Figure 6 Electromagnetic torque production

The rotor time constant of a standard squirrel-
cage IM is large; thus the rotor flux-linkage
changes only slowly compared to the stator flux-
linkage [22], and can be assumed that the rotor
flux-linkage are constant. Therefore, the torque
control can be carried out using the stator flux-
linkage space vector.

From (17) we can see that, holding constant

v, | and |l/7, '|, the torque can be changed quickly
by p—p . Thus, in the DTC drive instantaneous
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torque control can be achieved by quickly
changing the position or the stator flux-linkage
space vector relative to the rotor flux-linkage
space vector, which moves slowly. Moreover,
the flux-linkage space vector (both its modulus
and its angle) can be changed by the stator
voltage space vector. This can be seen from the
stator voltage equation (18).

_ - dy,
u =Ri+—=
S SS dt (18)

If the stator ohmic drop are neglected, (Ri = 0),
the equation (19) is obtained.

_ _dy,
7=— (19)

If a short A¢ time is consider (which tends to zero),
when the voltage vector is applied, the equation
(20) is obtained.

A, =1, At (20)

Thus the stator flux-linkage space vector can
be changed directly by the stator voltage space
vector.

The inverter, shown in figure 2, can provide
six active and two zero voltage space vectors,
as shown in figure 7. Numbers in parentheses
represent the inverter modulation signals S, S,
and § for each voltage space vector. Figure 7
also shows the six sectors of n/3 rad in which the
plane is divided for the conventional DTC.

54:(011)2\ AN

Sector 4 - f
U, = (00@ / i

z:(llllff’

Figure 7 Inverter voltage space vectors



The inverter voltage space vector can be
expressed as shown in equation (21).

2 ,
_ gUdexp[J(k—l);z/sj k=126 ()
0 k=0,7

Figure 8 shows a block diagram of conventional
DTC. The subscript ref indicates the reference
values for the variables.

Sa i

Flux and torque

Figure 8 Block diagram of conventional DTC

The DTC uses two comparators: a two levels
hysteresis comparator for the flow error (Figure
9a) and a three levels hysteresis comparator for
the torque error (Figure 9b).

Table 1 Switching table

:dP: e
Switching | Sp !b [ Induction
Table Inverter 1 "\otor
1
Se H-<

An improved direct torque controller applied to an electric vehicle

dy

Figure 9 Hysteresis comparators for: a) flux and b)
torque

Tolerance bands Ay y Az, set the allowable values
for the flux and torque errors. If the output of
flux comparator dy is: 1 a stator flux increase is
required, and 0 a stator flux decrease is required.
For the torque comparator, if its output dz, is:
1 a torque increase is required, 0 no change in
the torque is required, and —1 a torque decrease
is required. According to the output of the flux
and torque comparators, and the sector in which
the stator flux-linkage space vector is located
(see Figure 7), are the values that are sent to the
inverter modulation signals S , S, y S , see table 1.

Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6

dy dr,
1 110 010
1 0 1M 000
1 101 100
1 010 01
0 0 000 111
-1 001 101

oM
1M
10
001
000
100

001 101 100
000 M 000
010 oM 001
101 100 110
11 000 11
110 010 011
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Direct torque control with stator
ohmic drop compensation

As mentioned in the previously, torque and flux
control can be achieved by the stator flux-linkage
space vector. If ¥/, = |'/73|e’ ” is substituted in
stator equation of the electrical subsystem of

squirrel cage IM model, equation (22).

. d —y e./'p.v
I’Tx — RS l\ +M
) _dt (22)
— - Vel q—dp,
uw=Ri+ et 4 ——L e/t
S sSs dt ] l//S dt
where the derivative of the modulus 4%l and

the derivative of the angle dp, of thet stator
flux-linkage space vector aﬁi)ear explicitly.
Hence, the stator flux-linkage space vector can be
directly manipulated by the stator voltage space
vector. Equation (22) also shows the stator ohmic
drop. Therefore, the compensation of this voltage
drop is made if this equation is used to calculate
the stator voltage space vector applied to the IM.

To perform flux control, the derivative of the
modulus of the stator flux-linkage is equaled to
the flux error multiplied by a constant, equation
(23).

dlg,
e (23)

Where £, is the gain of flux controller, and e, is
the flux error.

From this, equation (24) can be obtained.

7, =k, Je,d (24)

Therefore, the controller defined by equation (23)
is equivalent to an integral controller that acts
directly on the flux.

Moreover, the electromagnetic torque developed
by the IM is proportional to the product of the
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modulus of the stator flux-linkage space vector
and to the change of its position with respect to
time (i.e. its time derivative), equation (25).

7, o, | == (25)

Therefore, the torque controller can be defined by
the equation (26).

Vs

d S
s =he tk, [e.dt (26)
where k, and k, are the constants of torque
controller, and e, is the torque error.

Equation (26) is equivalent to a proportional-
integral controller that acts directly on the torque
developed by the IM.

Substituting flux and torque controllers,
equations (23) and (26), in equation (22). The
direct flux and torque control with stator ohmic
drop compensation is obtained in equation (27).

i, =R +k,e,e” +j(k1et +k1fe[dt)ej’5»‘ 27)

The ohmic drop is an important term in the
voltage equation, principally at low speeds. In EV
the speed of IM varies in a wide range including
low speeds.

Figure 10 shows the block diagram of the
proposed controller, which is very similar to the
block diagram of conventional DTC (Figure 8).
The main difference is the way in that the stator
voltage space vector is calculated: in the case of
conventional DTC is calculated using table 1,
and in the proposed controller is calculated by
equation (27). Another difference is the way in
which inverter modulation signals (S, S, y S)
are generated: in the conventional DTC these
come directly from table 1, and in the proposed
controller SVM technique is used. Also in the
proposed controller, unlike the conventional
DTC, hysteresis comparators are not used.
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., I 3 S maximum switching frequency of approximately
s 1~ 30 kHz was obtained. The desired speed and the
Z, Proposed st |55 nverter |2/ induction | gpeed developed by the EV are shown in figure
_ controller l \ motor /r . .
oy S, >/ 1laand in figure 11b is presented the speed error
L which fluctuates between £0.0268 m/s.
v, P, ’—H—‘
4 _— ee
— s T\g _----gFe)sir:d speed
« U E
Flux and torque ¢ B 2
estimator g
e 0
o 2 4 6 8 10 12 14 16
. . time (s)
Figure 10 Block diagram of proposed controller a)
Simulations g 0o
S 0
This section presents simulations to evaluate the 9
performance of conventional DTC and the proposed ’ _0'020 R S
controller. For both torque controllers were used: time (s)
the same PI controller for speed regulation, the b)

same desired speed profile, and the desired flux
constant and equal to 0.8 Wb. The desired torque is
the output of speed controller. The DC bus voltage
is 360 V. EV parameters are given in table 2.

Table 2 EV parameters

Figure 11 a) Desired Speed vs. speed, b) speed error

The desired torque (i.e. the output of speed
controller) and the estimated torque are shown
in figure 12a. The torque error, presented in
figure 12b, do not remain at all times within the
hysteresis band 4z, = 2.5 N-m.

Stator Resistance, R, 0.06336 Q
Rotor Resistance, R, 0.073558 Q 150 : : e
Stator leakage inductance, L 0.8646 mH E ’ \ |-~ Desired torque
Rotor leakage inductance, L, 0.8646 mH § 0
Stator magnetizing inductance, L 17.913 mH g -75¢
Rotor magnetizing inductance, L 17.913 Mh A —— % R TR ya—A
Stator-rotor mutual inductance, L_, 17.913 mH time (s)
Moment of inertia, J,,, 1.0473 kg-m? ?
Viscous friction coefficient, B 11.5x10° N'-m's z 1:7 ‘ ‘ ‘ [—Torque emor]
Number of pole pairs, n, 2 = oh-
Mass, m 1366 kg g .
Drag coefficient, C,, 0.23 2 o ‘ . o .
Frontal area, A 2.66 m? o 2 4 6 ﬁmea(s) o2 14 18
Friction coefficient, u,, 0.015 b)
Transmission ratio, G 55
Transmission efficiency, n, 1 Figure 12 a) Desired vs. estimated torque, b) torque
Radio tire, r 0.2876 m error

DTC with switching table

The values of the hysteresis band used are Ay=
0.01 Wb-and 4z,= 2.5 N-m. With these values a

The estimated flux has a good track on to the
desired flux (Figure 13) during the interval of
time 0.5s <t < 15.5s. From 0 to 0.5 s and at
the last 0.5 s simulation, flux tracking is not
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good because during this time the torque error

the simulation of conventional DTC (Figure 11),
is practically zero and, according to table 1, the

this is because the speed controller is the same for

inverter voltage is zero.

1

§0.5 j’\
§ ——Estimated flux
= 0 i ; i K-*'Desir‘ed flux
0 2 4 6 8 10 12 14 16
time (s)
a)
0.8 :
= 06 [ Flux errorL
g 0.4
0.2 /
X I
2 09 I — .
0 2 4 6 8 10 12 14 16
time (s)
b)

Figure 13 a) Desired vs. estimated flux, b) flux error

Themagnitudeofthe currentsinthestatorwindings
is closely related with the electromagnetic torque
developed; hence its value varies along the
simulation time as shown in figure 14a. A close
to the currents during the interval of time from 8
to 8.1s is shown in figure 14b.

current (A)

< 25)), »\ Wy,

E N N YN ;
S onb W
325 YA Sl A

-50 i i i

8 8.02 8.04 8.06 8.08 8.1
time (s)
b)

Figure 14 Stator currents: a) 0 to 16s, b) 8 to 8.1s

DTC with stator ohmic drop
compensation

Figure 15 presents the desired speed and the speed
developed by the EV, as well as the speed error.
The desired speed is the same as for conventional
DTC likewise the speed developed by the EV and
speed error are very similar to those obtained in
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both simulations.

N

= S/ ‘—Spefet‘i [
£ -~-Desired speed
€ yd N
35/ \
Q
[0]
Q.
2]
0
0 2 4 6 8 10 12 14 16
time (s)
a)
& 0.02 T—— —Speed error
E |
o 0
[0]
2
» -0.02 E——
0 2 4 6 8 10 12 14 16
time (s)
b)

Figure 15 a) Desired Speed vs. speed, b) speed
error

The desired torque and estimated torque are
shown in figure 16a. The torque error presented
in figure 16b is lower than that obtained for
conventional DTC. For the proposed controller
torque error does not exceed £1.3 N-m. Although
both controllers have a suitable tracking of
torque, the torque ripple is smaller in the proposed
controller.

— Estimated torque
-~--Desired torque
-75 {_

torque (Nm)
o &

o 2 4 6 8 10 12 14 16
time (s)
a)
10
— Torque error

torque (Nm)
o

2 4 6 8 10 12 14 16
time (s)

b)

Figure 16 a) Desired vs. estimated torque, b) torque
error



As shown in figure 17, flux control also has better
performance in the proposed controller that in the
conventional DTC. The flux error, after passing
the transitory is very small, it oscillates between
+3x10° Wb.

§ 0.5
x
=]
= ——Estimated flux
0 i ; | —~—-Desired flux
0 2 4 6 8 10 12 14 16
time (s)
a)
0.02 :
‘—Flux error]
g 0.01
T Ol v A A
5
= -0.01
_0'020 2 4 6 8 10 12 14 16
time (s)
b)

Figure 17 a) Desired vs. estimated flux, b) flux error

Stator currents are shown in figure 18, its
magnitude is very similar to those obtained with
conventional DTC. However, as shown in figure.
18b, its distortion is much lower in the proposed
controller.

current (A)

current (A)
o

N
3]

8 8.02 8.04 8.06 8.08 8.1
time (s)
b)

Figure 18 Stator currents: a) 0 to 16s, b) 8 to 8.1s

Conclusion

The conventional DTC is a good option for
torque control of IM that impulse EV. It is simple

An improved direct torque controller applied to an electric vehicle

to implement. It has fast response and good
dynamic performance. However, it has some
drawbacks: high torque ripple, and variable
inverter switching frequency. The values of the
hysteresis bands for flux and torque controllers
play a key role in the performance of the
conventional DTC. If very large values are using,
shall be poor performance, while resulting in low
switching frequency. Instead, if too small values
are used significantly improves performance, but
also increases the switching frequency and the
limit imposed by semiconductor devices could
be exceeded.

Based on the principle of DTC, it follows that the
torque and flux control can be carried out through
the stator flux-linkage space vector. Moreover, the
stator flux-linkage space vector can be modified
directly by the stator voltage space vector. A new
improvement direct flux and torque control with
stator ohmic drop compensation were obtained.
The ohmic drop is an important term in the
voltage equation, principally at low speeds.

Based on the simulation results for: torque and
flux errors, and distortion in the stator currents,
it is shown that the performance of the proposed
controller is higher that the performance of
conventional DTC.
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