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ABSTRACT

This paper deals with a Direct Torque Control (DTC) of an Interior Permanent Magnet Synchronous Motor (IPMSM) for
the Electric Vehicle (EV) propulsion system using a Neural Network (NN). The Conventional DTC with optimized switching

lookup table and three level torque controller generates relatively large torque ripples in an electric vehicle motor drive. For

reducing the torque ripples, a three level torque controller is hereby replaced by the five level torque controller. Furthermore,
the switching lookup table of the five level torque controller based DTC is replaced with a Neural Network. These DTC
schemes of an IPMSM drive are simulated using MATLAB/SIMULINK. The simulated results are compared with the
conventional DTC and it is found that the ripples in the torque, as well as in the stator current, are reduced drastically.

Keywords: DTC, Electric vehicle, IPMSM, Neural network

1. Introduction

Energy and environment issues have boosted the
development of the electric vehicle . Concerning the
environment, electric vehicles can provide emission-free
urban transportation. Electric vehicles may include battery
operated electric vehicles (BEVs), hybrid electric vehicles
(HEVs), and fuel-cell electric vehicles (FCEVs). The
requirements for the EV motor drive include: large torque,
high speed, high power density, quick response and good
dependability '),

The EV consists of the electric motor propulsion system,
transmission device, and wheels as shown in Fig. 1. The
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electric motor propulsion system is the heart of the EV,
which consists of the electric motor, its power converter,
and an electronic controller. The electric motor drive is
configured to respond to a speed reference set by the pedal
of the EV, which reflects the torque demand !. To
This
activates the controller and increases the developed torque.

accelerate the EV, the reference torque increases.

For braking purposes, the electric regenerative braking is
employed wherein the negative torque reference is set by
the speed controller. The first portion of the brake pedal
travel is used to derive a regenerative torque demand; the
remaining pedal travel brings in a set of standard
mechanical brakes.
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Fig. 1 Electric vehicle composition
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DC motors have been prominent in electric propulsion
because their torque-speed characteristics suit traction
requirement works well and their speed control is simple.
Nowadays, the commutatorless motors such as an
IPMSM  and

reluctance machine, are employed with having advantages

induction motor (IM), synchronous
of high efficiency, high power density, low operating cost,
enhanced reliability, and low maintenance over DC motors
for the EV propulsion system *!. Furthermore, considerable
interest has emerged in the IPMSM due to its high power
density, outstanding efficiency, and potential for quiet
operation over the other commutatorless motors &,

The control techniques used for the EV propulsion
motor are scalar control, vector control and DTC control.
The scalar control is simpler but its accuracy is low and
torque response is poor. The vector control exhibits high
accuracy, good torque response and wide speed range .
Furthermore, the vector control provides the torque speed
characteristics identical to that of a DC series motor
(propulsion motor). But the vector control needs quite
complicated coordinate transformations on line to
decouple the interaction between flux control and torque
control in order to provide fast torque control of the EV
propulsion motor. Hence the algorithm computation is
time consuming and its implementation usually requires a
high performance DSP chip. In recent years an innovative
control method called DTC has gained attention for the
electric propulsion system 71, because it can also produce
fast torque control and does not need heavy computation
on-line, in contrast to the wvector control. The basic
principle of DTC is to directly select optimum inverter
switching states according to the differences between the
references of torque and stator flux linkage and their

actual values 7

. The current controller followed by a
PWM comparator is not used in DTC systems and the
parameters of the motor are also not used except for the
Therefore, the

advantages such as lower parameter dependence and

stator  resistance. DTC possesses
simpler configuration.

Conventional DTC has a three level torque controller in
which there is no method to distinguish between very
large error and relatively small error in the torque
controller. This results in large torque ripples and a current

ripple in conventional DTC * These ripples may be

minimized by introducing an intermediate stage which is
generally known as a five level torque controller * and
use of a neural network based switching table . In this
paper the use of a neural network is proposed to emulate
the switching lookup table of the DTC of the IPMSM to
obtain the optimal switching patterns. The proposed
controller is simulated for a variety of operating
conditions of the electric vehicle. The simulated results
demonstrate that the proposed control structure improves
the performance of the DTC IPMSM drive system in
terms of reduced stator current and torque ripples.

2. Direct Torque Control (DTC) Scheme for
IPMSM

Direct Torque Control scheme of an [IPMSM drive is
shown in Fig. 2.
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Fig.2 Conventional Direct Torque Control IPMSM Drive

The DTC controller consists of three components:
hysteresis control for torque and flux, an optimal
switching vector look-up table and a motor model. The

shaft speed (w,) is compared with the reference speed

(w,, ). The error in speed is processed in the proportional
control (PI) speed controller, which generates the
reference torque. This reference torque is limited; using a

limiter and limited reference torque (7

eref

) to generate the
torque error by comparing it with the estimated torque of

the motor (ﬁ )- Similarly, flux reference (¢, ) is obtained
from the shaft speed (w, ) of the motor and is compared

with the estimated stator flux of the motor ((’i ).
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The reference torque and flux are compared with their
estimated values and control signals are produced by using
a torque and flux hysteresis control method. The switching
look-up table gives the optimum selection of the switching
space vectors for all possible stator flux-linkage
space-vector positions based upon the results of flux and
torque controllers. In response to these switching space

vectors, the VSI controls the winding currents of IPMSM.

The motor model estimates the developed torque ( T ») and

stator flux (¢A§A_) based on the sensing of two stator phase

currents and the battery voltage (V). The phase voltages
of the IPMSM are obtained from the switching space
vectors of the voltage source inverter (VSI) and the battery
voltage (Vq4.). The speed control of an IPMSM is achieved
using a PI speed controller.

2.1 Three Level Torque Controller Based DTC
Scheme (Conventional DTC)

There are six non-zero switching space vectors (Vj,
Va,...,Vg) and two zero switching space vectors (Vo V7).
The switching space vectors are selected using stator
flux-linkage space-vector positions and the output of two
level flux and three level torque controllers as shown in
Fig. 3(a).

,,,,,,,,,,,

:

(@) (b)

Fig. 3 (a) Three Level Torque Controller (b) Five Level Torque
Controller

Table 1 Switching Table for Three Level Torque Controller DTC

Technique
Sector(N)
Flux Torque
Error | Error S1 S2 S3 S4 S5 S6
dr=1 Vv, V; V, Vs \' Vi
d,=1 | dr=0 \%! Vo A\ Vo A\ Vo
dr=-1 | Vg Vi Vv, V; V, Vs
dr=1 V; V, Vs \' Vi Vv,
d,=0 dr=0 Vo Vs Vo Vs Vo Vs
dr=-1 | Vs \' Vi V, V; V,

The corresponding switching look-up table is shown in
Table 1.

2.2 Five Level Torque Controller Based DTC
Scheme

There are 12 non-zero switching space vectors (Vi,
V,...,Vg)and “V,,” consisting of “V,”, x =1, 2,...,6, are
synthesized by zero space vectors either V, or V5 and the
associated non-zero active switching space vector (Vi
V,...,Vg); both have 50% duty and two zero switching
space vectors as shown in Fig. 4. The switching space
vectors are selected using stator flux-linkage space-vector
positions and results in two level flux and five level torque
controllers as shown in Fig. 3(b). The corresponding
switching look-up table is shown in Table 2.

Vg(101)
Fig. 4 The Switching Space Vectors and Sectors

Table 2 Switching Table for Five Level Torque Controller DTC
Technique

Sector(N)

Flux Torque
S1 S2 S3 S4 S5 S6

Error Error
dT:2 V2 V3 V4 V5 V() Vl
dr=1 Vo | Vao | Vao | Vso | Veo | Vio
d,=1

d T= 0 V7 V() V7 V() V7 V()

dT =-1 V()O VIO VZO V30 V40 VSO

d]‘ =-2 V6 Vl V2 V3 V4 V5

dT =2 V3 V4 VS V(, V1 V2

dT =1 V30 V40 VSO V60 VIO V20

d(p: 0 dT =0 VO V7 VO V7 VO V7

dr=-1 Vso | Voo | Vio | Vao | Vio | Vao

d T= -2 V5 V6 V| Vz V3 V4
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2.3 Five Level Torque Controller Based DTC
using Neural Network

Here, the switching space vectors are the same as in B.
The NN based switching gives the improved selection of
the switching space vectors for all possible stator
flux-linkage space-vector positions based upon the results
of two level flux and five level torque controllers. The five
level torque controller based DTC using a neural network
scheme of an IPMSM drive is shown in Fig. 5.
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Fig. 5 Neural Network Based DTC IPMSM Drive
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3. Motor Modeling and Direct Torque Control
Scheme of IPMSM

The basic equations of the direct torque control scheme
[3-6] [10]

of an IPMSM drive are given as
3.1 PI Speed Controller
The closed loop PI speed controller generates the

reference torque 7, as

T =T +K,(Aw,, —Aw,,  )+KAw, (1)

e (n) €. (n-1) P mny

where T, o and T, oy ATE the output of PI speed

controller (after limiting it to a suitable value) and Aw,,

and Aw

m(n—1)

K, and K are proportional and integral gain constants.

3.2 Reference Flux Controller
The reference flux controller generates the reference
stator flux as

g A (w, <wy,,)

2

refer to speed error at n™ and (n-1)" instants.

where w, and w

base

are the shaft speed and base

speed of the motor respectively.

3.3 Flux and Torque Controllers
The flux and torque controllers are hystersis type

where i, is the flux hystersis band and 4, is the torque

hystersis band. The input to the controllers are the flux

error A, and torque error A, and it delivers the control

signals d, and d, , which represent the voltage

4
demands required to keep the errors within the hystersis
band of the controllers. To overcome the torque ripple
problem, a five level toque controller is proposed which is
shown in Fig. 3(b).

A, =T, T, 3)

- @)
Two level flux controller is as

IfA,>h,, then d, =1 (5)

IfA, <-h,, then d, =0 (6)

Three level torque controller is as

IfA, >h,,then d, =1 (7
If—h <A, <h,,then d, =0 )
IfA, <—h,,then d, =-1 )

Five level torque controller is as

IfA, >=h,, then d, =2 (10)
If(A, >h, /2)& (A, <h,), then d, =1 (a1
TF(A, <=h, 12)&(A, >=—h, /2), then d, =0 (12)
If(A, <—h, /2)& (A, >—h,), thend, =—1 (13)
IfA, <=—h, , thend, =2 (14)

where f“ and ¢3§ are the estimated developed torque

and estimated stator flux respectively.

3.4 Direct Torque Control Using Switching Table
A switching table given in Table 1 is used for inverter
control so that the torque and flux errors are kept within
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the specified bands. The output of the switching table
gives the switching state of voltage source inverter. The
details of the system are explained as follows.

The d-q axes components of stator voltages are
estimated as

v v [2 -1 15
= 5, (15)
Vel 30 W3 -3 s

where V. is the sensed DC link voltage of the inverter
(battery voltage) and S,, Sy, S, are the switching states of
VSI which can take either logic “1” or logic “0”.

Similarly the d-q axes components of stator currents are
estimated as

il o2 -1 —1]
S== i, (16)
i 3o 3 B,

i, ==, +i,) (17)

where i, and iy, are the sensed stator currents.

The d-q axes components of stator flux linkages can be
estimated by using the estimated d-q axes components of
stator voltages and stator currents as.

8, =10, —1,R)dt (18)
@, =10, —i R )dt (19)

The estimated flux amplitude is as

8, =(0,) +(8, )’ (20)

where Rj is the stator resistance per phase.
The developed torque of the motor is estimated as

7. =220, ~6,0) @n
35 Estimation of Stator Flux-Linkage Space-Vector
Positions
The stator flux components are used to obtain the
information of stator flux-linkage space-vector positions.
These sectors can be determined on the basis of following
mathematical relations as

If @, 239, and ¢, >0, then sector = SI (22)
If @, <39, and §, >0, then sector = S2 (23)
If ¢?dy < \/§¢fq and éds <0, then sector = S3 24)
If |p .| 2 x/géqs and ¢ . <0, then sector = S4 (25)
1flg, | <34, .4, <0and §, <0, then sector =S5 (26)
If (;Sd < \/géq ,@\, 20and ¢34 < 0, then sector =S6 (27)

3.6 Machine Model of an IPMSM

In the analysis and simulation of the IPMSM drive
system, the basic equations of IPMSM are used in
instantaneous form. By Park’s transformation ¥, the
equations of the IPMSM in a rotor reference frame are

[T3RE 1]

denoted by the superscript “r,” in which the d-axis is

aligned with the stator winding of phase “a” and are
shown in terms of voltage and flux as follows *-H!10-13l;

The stator voltage equations are as

. d ,.
Vi = lmR.s +Z¢m - Wm¢q.s (28)
. d .
Vi =i"R +—¢" —w @' 29
w TR Do =W, 04 (29)

These stator voltages are obtained from phase winding

voltages ( v, , v, and v_ ) using the Park’s

transformation as

v, = @j{vs cosf.+v, cos@—2z/3)+v, cos@ -4/ 3)} (30)

qgs

v =[§j{v}m sin@. +v,, sin@ —27/3)+v_sin@ ~4x/3)} 31

The stator flux equations are as
Gu =L, +9, (32)
¢, =L (33)

.
‘ Ly
qs q°gqs

where Ly L, are the d, q axis inductances respectively
and ¢, is the stator flux linkage produced by permanent
magnets.

By solving equations (28) and (29), the explicit
expressions of currents are as
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i = [ =i R, +w, L)/ L)t (34)

ds mqtys

iy, = [, =i R, = w, (L,il, +,)/ L)t (35)

These equations (28)-(35) reveal the internal relations
among voltage, current and flux of rotor, which can be
directly modeled by using SIMULINK blocks. However
the above equations are not perfect in building the
complete d-q axes motor model; two other equations to
reflect the mechanical dynamics should be added.

The electromagnetic torque equation is as

3P .
T, =2 (0, + (L, = L)igi}) (36)

qs

The torque balance equation is as

T -T
4, -L-L (37)
dt J

m

The phase currents are computed using inverse Park’s
transformation as

i, =i,cos6 —i sin6 (39)
i, =i, co8(0, —27m/3)—i sin(0 —27x/3) 39)
i, =1, c08(0, —4x/3)—i, sin(6, —47x/3) (40)

where 6, is the position angle of the rotor.

4. Neural Network Based Direct Torque
Control Scheme

To reduce the torque ripples and motor current ripples
in a conventional DTC, three multilayer feedforward
neural networks are used here. These networks emulate
the traditional switching table of the DTC of the IPMSM
for obtaining the optimal switching patterns. The stator
flux-linkage space-vector positions (V) and the results of
flux (d,) and torque (dy) controllers determine the
switching space vectors of VSI as S,, Sy, and S, which are
the switching states of the inverter. Since the switching
table does not depend on the parameters of the IPMSM,

NN may be trained off-line. The output (O/P) of the three
networks are the S,, Sp, and S. respectively, while the
inputs (I/P) dr, d, and N being the same for all three
networks. Each NN model is trained for different
reference model data set i.e.: the first network deals with
[S. (O/P), dy, d, and N (I/P)], the second one deals with [S},
(O/P), dr, d, and N (I/P)] and the third network deals with
[S. (O/P), dy, d, and N (I/P)], as shown in Fig. 6. Once the
networks are trained, the variation in IPMSM parameters
would not affect the performance. Each neural network has
36 pairs of input and output patterns for a three level torque
controller based DTC and 60 pairs of input and output
patterns for a five level torque controller based DTC.

5. Neural Network Structure and Adaptive
Algorithm

Three neural networks, each made of three layers, are
used to obtain the three output switching states of the
inverter S,, Sp, and S. simultaneously. Each network
having three layers i.e.: input layer, hidden layer and
output layer, with a total of 16 tansig neurons, is employed
to implement the switching table. The first layer has 15
neurons and the second has one neuron. By utilizing the
60 pairs of input and output patterns for a five level torque
controller based DTC, each network is trained by a
well-known gradient descent training algorithm M,
After 241 training epochs, the sum squared error arrives at
the minimum. Then the training of the weights is stopped.
The NN structure and its adaptive learning algorithm is
shown in Fig. 6.

Reference
Model
d
» e(K)
e
N

_—| Gradient Descent |

Learning Algorithm

Fig. 6 Neural Network Structure and Its Adaptive Algorithm
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General output equation of a neural network is given as

S(k) = ‘Pl(zpla)fneu,(k)-i-ezj (41)
where,
neu, (k) =¥, (i @B, (k)+6, j (42)

where, B; = d,, B,= dr, and B;= N. p is the number of
nodes in the hidden layer. ¥, and'¥, are activation
functions tansig here. k is k& sample which varies from 1
to 60 for a five level torque controller based DTC. 8, and
0,are biases. @' and @’ are the weights between input

to hidden layer and between hidden to output layer

respectively.

The weights @' and @’ are updated by the
following equation as

o =, +Aw", where n =1 and 2. (43)

The increment A" is calculated by gradient descent as

Ao = n 9J dJ Ode 0S8 (44)

Aw®* =7 n— — — — (45)
where, 77 is the fixed leaning rate and J is the

performance index which has been taken as mean square
error (MSE), as

J=—ee 46
5 (46)
where, e(k) = S,(k) - S(k), S, is the desired output and S
is the actual output.

6. Neural Network Based Direct Torque
Control Scheme

The five level torque controller based DTC using the
neural network scheme of an IPMSM has been simulated
in Matlab along with Simulink toolbox. Fig. 7(a). Fig. 7(b)
and Fig. 7(c) show the Simulink model of the IPMSM and
inverter respectively.
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Fig. 7(a) Simulation Model of Neural Network Based DTC
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Fig. 7(b) Simulation Model of IPMSM
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Fig. 7(c) Simulation Model of VSI Inverter

Vo2 )

NN has been coded as a Matlab S-function so that it
could be run in Simulink. The adaptive motor model
estimates the developed torque and stator flux based on
the sensing of two stator phase currents and battery
voltage. The parameters of the motor used in the
simulation are given in the Appendix. The gain constants
of PI speed controller are also given in the Appendix.

7. Results and Discussion

Three DTC schemes described earlier have been
simulated using Matlab/Simulink.
a) Conventional DTC scheme (Three Level Torque
Controller Based DTC).
b) Five Level Torque controller based DTC Scheme
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c¢) Five Level Torque controller based DTC Scheme
Using NN

Figs. 8-14 show the speed response, torque response,
motor currents and flux response respectively during the
starting, acceleration, deceleration (regenerative braking)
and above the rated speed for field weakening. The
simulation is carried out for the following conditions.

7.1 Transient Response of Vehicle Motor
during Starting and Acceleration
The motor is started-up from the zero speed to 200 rad/s

and accelerated from 200 rad/s to 400 rad/s at 0.025
second within current/ torque limit and one can observe
the variation in the frequency of the currents as the drive
accelerates as shown in Fig. 8. From Figs. 8(a)-(c), it is
seen that the speed response for various schemes is similar
in nature and the estimated speed follows the reference
speed closely. Fig. 9(a) shows the torque response of the
conventional DTC (scheme (a)) and Fig. 9 (b) shows the
response of five level torque controller based DTC
(scheme (b)). It is seen that the ripples with scheme (b)
have been reduced approximately to half as compared
with scheme (a). Fig. 9 (c¢) shows the torque response of a
five level torque controller based DTC using NN (scheme
(c)). In scheme (c), the ripples in the torque response are
further reduced by half. Figs. 10(a)-(c) show the motor
currents for all the schemes. It may be seen that the ripples
in the current waveform are drastically reduced. Three
phase motor currents are close to sinusoidal and one can
observe the variation of the frequency in the currents as
the drive speed changes.

7.2 Transient Response of Vehicle Motor
during Deceleration (Regenerative braking)
and Acceleration of Vehicle above the
Rated Speed for Field Weakening

The motor is decelerating from 400 rad/s to 200 rad/s at

0.060 seconds to show the drive behavior during
regenerative braking as shown in Fig. 11. When the motor
is slowed down during deceleration (regenerative braking),
i.e., when the negative torque is applied to the electric
vehicle, it behaves as a generator that produces electrical
power to recharge the battery. The motor is accelerated
from 200 rad/s to 600 rad/s at 0.085 second to show the
drive behavior during the above the rated speed for field

weakening. The stator flux magnitude is reduced while its
frequency is increased when the speed command is above
the base speed (for this motor 472 rad/s). The maximum
allowable power is reached at base speed. Further
acceleration occurs at constant power and the torque
decreases inversely with the speed. In the field weakening
region, the motor draws a little higher current due to the
requirement of maximum torque with the reduced flux.
The torque and current response of the vehicle motor
during deceleration (regenerative braking) and above the
rated speed for field weakening are shown in Fig. 12 and
Fig. 13 respectively. Similar reasoning can be made when
the vehicle motor operates above the rated speed for field
weakening and deceleration (regenerative braking) as
explained in section A for starting and acceleration.

Figs. 14(a)-(c) show the DQ-axes flux response for all
the schemes. It is appreciated that the flux ripple decreases
when the NN is used for a five level torque controller
based DTC. It is clearly seen that the ripples in the torque
and motor currents respond with a five level torque
controller based DTC using the NN (Figs. 9(c) and 10(c))
are drastically reduced. In a five level torque controller
based DTC using a neural network (scheme (c)), the
ripples of the torque in steady state are reduced
remarkably as compared with a conventional DTC
(scheme (a)). To further highlight this feature, Table 3
shows the percentage torque ripple for all the schemes
during starting, acceleration above the rated speed for field
weakening and deceleration (regenerative braking).

Table 3 Comparison of Percentage Torque Ripple of IPMSM

Drive
Speed (rad/s) Conven- | Five level | Five level
tional torque torque
DTC controller controller
DTC Based
DTC using
NN
Starting(0-200) 8.47 % 2.97 % 0.74 %
Acceleration(200-400) | 8.05 % 2.75 % 0.85 %
Regenerative 8.05 % 2.54 % 0.74 %
braking(400-200)
Above rated speed for | 7.83 % 335% 1.05 %
field weakening
(200-600)
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Fig. 8 Speed response of vehicle motor during starting, and acceleration (a) Conventional DTC scheme (b) Five level torque controller
based DTC scheme (c) Five level torque controller based DTC using NN scheme
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Fig. 9 Torque response of vehicle motor during starting, and acceleration (a) Conventional DTC scheme (b) Five level torque controller
based DTC scheme (c) Five level torque controller based DTC using NN scheme
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Fig. 10 Motor current response of vehicle motor during starting and acceleration (a) Conventional DTC scheme (b) Five level torque
controller based DTC scheme (c) Five level torque controller based DTC using NN scheme
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Comparison of the results shows that the proposed five
level torque controller based DTC using the NN is
superior to the other schemes with respect to the steady
state torque ripples. The ripples in the flux and motor
currents are also decreased in case of a five level torque
controller based DTC using the NN. These results
demonstrate the effectiveness of a neural network on DTC

scheme.

8. Conclusion

A comparison of various direct torque control
methodologies of the IPMSM have been made in order to
evaluate the influence of the motor operating condition on
a steady state performance. It has been found that there is
an approximate 90% reduction in the motor current and
torque ripples in a NN based five level torque controller
DTC as compared to the conventional DTC. Besides, it is
clear that such controllers have been found to provide the
desired dynamics. The improved steady-state performance
has been achieved in a neural network based DTC of
IPMSM for a wide range of speed control. With these
advantages, the proposed NN based five level torque
controller DTC scheme may be used in the electric vehicle
propulsion system.

Appendix

Motor and speed controller specifications:
Interior Permanent magnet synchronous motor (IPMSM)
Parameters !'*):

22 kW, R;=40.4mQ, P=4, ¢ =0.08764 Wb.

L4=0.4456 mH, Ly = 0.8276 mH, Wy,ee = 4500 rpm.
PI Controller: Kp = 1.0, K; = 0.05.
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