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Reduction of Torque Ripple in DTC for Induction
Motor Using Input—Output Feedback Linearization

Sebti Belkaceml, Farid Naceril, Rachid Abdessemed’

Abstract: Direct torque control (DTC) is known to produce fast response and
robust control in AC adjustable-speed drives. However, in the steady-state
operation, notable torque, flux, and current pulsations occur. In this paper a
nonlinear DTC of IM drives is presented based on a Space Vector PWM scheme
combined with Input-Output Feedback Linearization (IOFL) technique. The
variation of stator and rotor resistance due to changes in temperature or
frequency deteriorates the performance of DTC controller by introducing errors
in the estimated flux linkage and the electromagnetic torque. As a result, this
approach will not be suitable for high power drives such as those used in
tractions, as they require good torque control performance at considerably lower
frequency. Finally, extensive simulation results are presented to validate the
proposed technique. The system is tested at different speeds and a very
satisfactory performance has been achieved.

Keywords: DTC-SVPWM, Key parameters variation, Robustness, Input—output
feedback linearization.

1 Introduction

Today Direct Torque Control (DTC) and NonLinear Control (NLC) are
considered the most important techniques to achieve high dynamic performance
in AC machines. The direct torque control (DTC) scheme has been increased
due to several factors such as quick torque response and robustness against the
motor parameter variations [1]. The conventional DTC algorithm using the
hysteresis based voltage switching method has relative merits of simple
structure and easy implementation. The performance of such a scheme depends
on the error band set between the desired and measured torque and stator flux
values. In addition, in this control scheme, the inverter switching frequency is
changed according to the hysteresis bandwidth of flux and torque controllers
and the variation of speed and motor parameters. Superior motor performance is
achieved by narrower hysteresis bands especially in the high-speed region. As a
result, this approach will not be suitable for high power drives such as those
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used in tractions, as they require good torque control performance at
considerably lower frequency.

To overcome the drawbacks problems, although several methods to solve
these problems have been presented [2-13], the control scheme in [6] is
sensitive to parameters uncertainty, especially to the stator resistance variations,
and the stability will be affected by parameter variation and the system model
must be known. Otherwise, the system dynamic performance and stability will
be significantly affected by parameter variations. To solve this problem,
adaptive nonlinear control methods such as adaptive input—output feedback
linearization technique, adaptive backstepping control technique, sliding mode
and adaptive sliding mode control techniques have been applied to induction
motor drives [14-20]. In these studies, an adaptation law is developed to
compensate the parametric uncertainty of the stator and rotor resistance and the
external load torque of the IM. The contribution of this paper is to describe a
robust DTC-SVPWM method for a torque and flux control of induction motor
drive based on input—output feedback linearization technique. Simulation results
demonstrate the feasibility and validity of the proposed DTC system by
effectively accelerating system response, reducing torque and flux ripple and a
very satisfactory performance has been achieved.

2 Model Description and Control Design

The model of the IM expressed in the stationary ““af’’ axes reference
frame can be expressed by

di R R R 1
lm:—[ — + rjisa_wris[}+ - CI)er(D’ O, +—,

de oL, oL, oL.L, oL, oL,
di R R R 1
| sy fy + 0, +—"—D — O, O, +—V,,
dr CYLx ol , ol . LA‘, (YLx GLA‘. ( 1 )
do
== Vsa slsa’
d¢
do
df = VsB R\lsﬁ 4

where i, ®_, V., R and L denote stator currents, stator flux , stator voltage,

resistance and inductance, respectively, o, denotes the rotor speed and M is
2
the mutual inductance.c =1—

is the redefined leakage inductance.
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The generated torque of the IM can be expressed in terms of stator currents
and stator flux linkage as

3 .
T - p ((I)w B s[}lsoc) b (2)

where p is the number of pole pairs.

The mechanical dynamic equation is given by
do, 3
L@

d[ 2 sa. sB sﬁ sa) (3)

where J and 7, denote the moment of inertia of the motor , the load torque and

®,, 1s the rotor mechanical speed (®, = po, ).

m

For the proposed nonlinear input-output feedback linearization controller,
the state coordinate transformation is applied. Therefore, the state coordinate’s
transformed model from (1) can be rewritten in a compact form as

X=f(x)+g )V, +g (X)W,

4)
y=h(x),
where x is defined as:
(R R R |
ol et e LV O D, +—CD
oL, ol v oLL, oL,
R R R )
=|-|—+—\ijtoi, +——D, —F—D_|, 5
f(x) [GLS GLrJ sp rso. GLrLS sB GLS sa ( )
_RSZ.S(X
i —Rig |
le:isa’isﬁ’ so.? sﬁ]
1
gx)=|— 0 1 0 , (6)
oL,

1 T
gz(x)—{o e 0 1}.

s

The generated torque 7, and the squared modules of the stator flux linkage

"=, +® are assumed to be the system outputs. Therefore, by

considering

99



S. Belkacem, F. Naceri, R. Abdessemed

hl (x) = 7; = 37p((1).vaisﬁ - (Dsﬁiscx )’

h(x)=|® [ =02 + 0.
Define the controller objectives y, and y, as

yl = h1 (X),
Yy =hy(x).

3 1OFL Technique

(7

@®)

To linearized the nonlinear model in (4), the controlled variable is
differentiated with respect to time until the input appears. This can be easily

done by introducing the Lie derivative.
3.1 Degree relating to the torque
n= L/h1 (x)+ Lglhl (X, + Lg2h1 (x)Vs[} )

where

3.2 Degree relating to the flux
YV, =L hy(x)+ L, (X)Vg + L,h (X, ,
where
Loy ==2R (@i, —D i),

Lgth = 2(I)sot s
L,h, =20
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3.3 Nonlinear control law
The matrix defining the relation between the physical input u(x) and the
output derivative y(x) is given by the expression (11).

W Vi
| =A) + E(x) : (11)
V2 _VsB
with
Lh |
A= T,
Lh, |
oo Le | 2 Lo
E(x)=| 2 Lo 2 (Lo , (12)
20, 20,
det(E(x))z—spGLL [@,®,+D, D, ]. (13)

The matrix E(x) is reversible, the product of stator flux and rotor flux can

not be equal to zero the following input-output feedback linearization is
introduced for the system shown in (4)

Voo | A g 14
v, | ()| - (x)J{Vj : (14)

4 Trajectory Imposition Control

The inputs V;, V, can be calculated by [14, 15]. To ensure a perfect
regulation and track the desired signals of the flux and torque towards their
reference, V|, V, are chosen as follows:

2
ref
-T),

v, =|d,

+k1(‘(DS

0.

) (15)

2
ref

I/Z = T'ere;f + k2 (T;zre;/'

where subscript ‘ref” denotes the reference value. (k,,k,) are constant design
parameters to be determined in order to make the decoupled system (15) stable.

The behavior of the linearized model is imposed by the poles placement
methods. Theses coefficients are selected such as the equation s +k,, s+k, are

selected to satisfy the polynomial of Hurwitz.
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5 Voltage Space Vector PWM

The voltage vectors, produced by a 3-phase PWM inverter, divide the space
vector plane into six sectors as shown in Fig. 1
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,

»,
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Fig. 1 — The diagram of voltage space vectors.

In every sector, each voltage vector is synthesized by basic space voltage
vector of the two side of sector and one zero vector. For example, in the first

sector, 17”4 is a synthesized voltage space vector and expressed by:

Vs rer Is =Ty + T+ 15T,
I =T,+T,+ T,

where 7,7, and 7, are the work times of basic space voltage vectors V, V,

and ¥, respectively.
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Fig. 2 — Projection of the reference voltage vector.
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6 Sensitivity Study and Simulation Results

In this section, the effectiveness of the proposed algorithm for torque and
flux control of an IM is verified by computer simulations. The specifications for
the used induction motor are listed in Table 1. The block scheme of the
investigated direct torque control with space vector modulation is presented in
(Fig. 3). In this work, we applied a direct torque control associated with a
nonlinear control based on input-output linearization, switch table and
hysteresis controller have been eliminated, where hysteresis controller is
substituted by input—output feedback linearization and switch table is
substituted by SVPWM. This approach eliminates the influence of stator and
rotor resistance variation due to temperature and frequency changes.

AC power
supply
P E
_|
Input-output V&ﬁrd“ Sa |Inverter
feedback 4 7 5,
linearization [~ " |X: s, | M
Bref
N I — N Vabes
Flux and torque ap <
estimation |q | " The

VS R ——— ]abcs

Fig. 3 — Block diagram of the proposed DTC based on
Input—output feedback linearization.

6.1 Variation of the load torque

Fig. 4 shows the speed response of classical DTC and DTC based on IOFL
controller's, The DTC-IOFL reacts faster than the classical DTC when load
torque is suddenly applied and removed.

Moreover, the tracking performances are improved by the use of the DTC-
IOFL law, in comparison with those of the classical DTC. These properties
make the new algorithm suitable for applications where high tracking accuracy
is required in the presence of external disturbances.

Current ripple has also a notable reduction in DTC-IOFL compared to
classic DTC. In addition, a significantly lower ripple level in torque, flux see
Fig. 5. Fig. 6 show the trajectory of the estimated stator flux components, the
new DTC has good dynamic response as the classical control.
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Fig. 4 — Drive response under load torque change:

(a) DTC based 10FL, (b) Classical DTC.

104



Reduction of Torque Ripple in DTC for Induction Motor Using Input—Output...
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Fig. 5 — Drive response under load torque change:

(a) DTC based 10FL;
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Fig. 6 — Drive response under load torque change:

(a) DTC based 10FL;
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6.2 Variation in the stator resistance

These tests investigate the influence of the electrical parameters change on
the drive performance. Fig. 7 illustrate the simulation results of the process of
speed estimation with a speed reference equal to 30 rad/s, after Ry increases by
50% and decreases by 50%, the variation in the stator resistance will not affect
the controller performance. In the case of DTC-IOFL, the new algorithm show
more robustness against stator resistance variation compared to the classical

DTC.

(b) Classical DTC.

Reference of stator resistance

A

Fig. 7a — Drive response under variation of the stator’s resistance.
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Fig. 7b — Drive response under variation of the stator’s resistance:

(a) DTC based 10FL,;

(b) Classical
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6.3 Variation in the inertia coefficient

Fig. 8 shows the drive dynamic under different values of inertia with
constant speed reference. It is clear that the speed tracking is significantly
unchanged, after J increases by 50% and decreases by 50%, for the new
controlled compared to the classical controller.
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Fig. 8 — Drive response under different inertia values:
(a) DTC based 10FL, (b) Classical DTC.
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Table 1
Induction motor parameters
Rated power 4 KW
Pole pair P=2
Nominal speed 1440 rpm
Stator inductance 0.1554 H
Rotor inductance 0.1568 H
Mutual inductance 0.15H
Stator resistance 1.2 Q
Rotor resistance 1.8 Q
Machine inertia 0.07 kg.m’
Viscous coefficient 0.0 kg.m’/s
Rated frequency 50 Hz

Conclusion

In this paper, we present a robust direct torque control method for voltage

inverter — fed IM based on a space vector PWM scheme combined with input—
output feedback linearization technique. The overall torque and flux control
system was verified to be robust to the variations of motor mechanical and
electrical parameters variations. Simulation studies were used to demonstrate
the characteristics of the proposed method. It is shown that the proposed
controller has better tracking performance and robustness against parameters
variations as compared with the conventional direct torque control.
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