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INDUCTION MOTOR DTC PERFORMANCE
IMPROVEMENT BY REDUCING TORQUE RIPPLES IN

LOW SPEED

Yassine Zahraoui1, Mohamed Akherraz2, Chaymae Fahassa3

The conventional direct torque control of an induction motor
may provide satisfactory dynamic response. However, the conventional tech-
nique does not provide efficient dynamic performance during low speed or
sudden changes in the load. To improve dynamic performance of the induc-
tion motor drive, a zone shifting technique is established on the conventional
DTC in order to increase the fundamental value of inverter output voltage.
Zone shifting DTC provides lesser current total harmonic distortion, flux
distortion and torque pulsation compared to conventional DTC. All simula-
tions have been realized in MATLAB/Simulink.
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Nomenclature

isα, isβ α− β stator current components
φrα, φrβ α− β rotor flux components
usα, usβ α− β stator voltage components
Tr Rotor time constant

Ω, ωr Rotor mechanical, electrical speed
ωs, ωsl Stator, slip frequency

p Number of pole pairs
Cs Electromagnetic torque

Rs, Rr Stator, rotor resistance
Ls, Lr, Lm Stator, rotor, mutual inductance

σ Leakage coefficient
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1. Introduction

Induction motors (IM) are the most commonly and widely used electrical
machines in several industrial applications; they are cheaper, rugged and eas-
ier to maintain comparing to other alternatives. But, their control is complex
because of their nonlinear structure [1]; accordingly, the main objective of the
IM control is to provide an efficient performance in a simple structure and the
direct torque control (DTC) achieves this compromise [2]. The fundamental
optimization of a drive system consists in obtaining the smallest overshoot in
the shortest time of rising and settling at the speed level, and a high resistance
to disturbances such as sudden load torque [3] [4].

The DTC structure of the IM drives was introduced in 1985 by I. Taka-
hashi [5] and developed by M. Depenbrock [6], then, several studies made it
possible to develop exactly the knowledge of this type of control. The DTC
of an IM is based on the direct determination of the control sequence applied
to the switches of a voltage inverter [8], this choice is generally based on the
use of hysteresis regulators whose function is to control the state of the sys-
tem, namely here the amplitude of the stator flux and the electromagnetic
torque [9]. This type of control is classified in the category of amplitude con-
trols, as opposed to the more conventional time control laws which are based
on an adjustment of the average value of the pulse width modulation (PWM)
vector [10].

DTC technique offers a fast response torque and flux control while avoid-
ing the vector control complexity, as it requires a minimum number of con-
trollers, and it does require neither voltage decoupling circuits nor coordinate
transformation [11]. Despite these advantages, the conventional DTC control
has some disadvantages; such as high ripples of the torque, flux and current,
in addition to the slow transient response to the step changes in torque during
start-up [12]. Further, the use of the speed sensor increases the complexity
of the system, which is represented by additional cost, location problems and
heavy volume addition. To improve the DTC control, there are several types
of conventional DTC enhancement presented in the literature, zone shifting is
one approach among them and it is effective especially in low speed [13].

Over the last few years, the sensorless speed control of IM drive has re-
ceived a great interest. Thus, it is necessary to eliminate the speed sensor in
order to reduce hardware and increase mechanical robustness. The main tech-
niques of sensorless control of IM drive are: model reference adaptive systems
(MRAS), extended Kalman filter (EKF) and adaptive Luenberger observer
(ALO). Speed sensorless control methods of IM drive using the observed speed
instead of the measured one have been studied in detail. In this paper, the
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speed is observed from the instantaneous values of stator currents and voltages
using the IM dynamic model in stator reference frame [14].

2. IM drive modeling

The mathematical model of a three-phase squirrel cage IM drive in α−β
reference frame is: {

ẋ = A.x+ B.u
y = C.x

(1)

Where x, u and y are the state vector, the input vector and the output
vector respectively.
x = [isα isβ φrα φrβ]t ; u = [usα usβ]t ; y = [isα isβ]t

A=


−λ 0 K

Tr
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0 −λ −Kωr K
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Figure 1 shows the state space mathematical model of the IM drive and
Table 1 lists its rated power and parameters.

Figure 1. State space mathematical model of the IM drive

Table 1. IM drive rated power and parameters

Rated power 3 kW
Pair pole 2

Rated speed 1440 rpm
Stator resistance 2.2 Ω
Rotor resistance 2.68 Ω

Stator inductance 0.229 H
Rotor inductance 0.229 H

Mutual inductance 0.217 H
Moment of inertia 0.047 kg.m2

Viscous friction coefficient 0.004 N.s/rad
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3. DTC Basis

The conventional DTC of an IM drive allows the control of the flux
and torque directly and independently through selecting the optimal inverter
switching modes, while maintaining the flux and torque within their hysteresis
bands respectively. Thus, the DTC provides a very fast torque response with-
out using coordinate transformation, current regulators and PWM generator.

3.1. Stator Flux and Torque Estimation

The torque and flux are calculated based on the stator current and volt-
age measurements through an estimator. On the basis of the IM drive dynamic
model in the stator reference frame, the stator flux equation is [7]:

φ̄s =

∫ t

0

(V̄s −RsĪs)dt (2)

The flux components in the (α, β) coordinates are:

φsα =

∫ t

0

(Vsα −RsIsα)dt (3)

φsβ =

∫ t

0

(Vsβ −RsIsβ)dt (4)

The stator flux module is written as:

φs =
√
φ2
sα + φ2

sβ (5)

The torque equation is:

Ts =
3

2
p(Isβφsα − Isαφsβ) (6)

3.2. Switching state vector

When compared to their reference values, the estimated values provide
errors which are the inputs to the hysteresis controllers. These controller
outputs along with the flux location are the selector table inputs, whereas
its output is the suitable switching states vector (Table 2).

Table 2. Optimal switching mode table

∆φs ∆Cs S1 S2 S3 S4 S5 S6

1 110 010 011 001 101 100
1 0 111 000 111 000 111 000

-1 101 100 110 010 011 001
1 010 011 001 101 100 110

0 0 000 111 000 111 000 111
-1 001 101 100 110 010 011
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This switching states vector (Sa Sb Sc) generates eight position vectors

(~V1, ~V2, ..., ~V8), where two of them correspond to the null vector (Sa Sb Sc)=(1 1 1)
or (0 0 0) as shown in Figure 2.

Figure 2. Stator voltage vectors

Figure 3 shows the overall structure of the proposed sensorless DTC.

Figure 3. The overall structure of the proposed control

3.3. PI Anti-Windup Controller

The structure of the PI anti-windup controller based on the back calcula-
tion method is presented in Figure 4. The saturation error ue and anti-windup
gain Ks are the main parameters for the integral action correction, where:
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ue = uin − uout (7)

uin and uout are the input and the output of the saturation component
respectively.

Figure 4. PI anti-windup based on back calculation method

3.4. Zone shifting technique

There are many techniques that are used to improve the conventional
DTC, especially in terms of the reduction of the electromagnetic torque and
the stator flux ripple and to control the variation of the switching frequency.
Zone shifting strategy is one among them and is based on a zone shifting of
the conventional DTC by changing the switching table and changing the zones.
Instead of taking the first sector from −30◦ to +30◦, it should be taken from
0◦ to +60◦ which characterize a new partition of the zones as defined in the
Figure 5. This type of control allows a good operation performance especially
at low speed [8].

Figure 5. New partition of the zones

4. Adaptive Luenberger observer for rotor flux and speed esti-
mation

The Adaptive flux observer is a deterministic type of observers based on
a deterministic model of the system [3]. In this work, the adaptive Luenberger
state observer (ALO) is used to estimate the flux components and rotor speed
of the IM drive by including an adaptive mechanism based on the Lyapunov
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theory and fuzzy regulation. In general, the equations of the ALO can be
expressed as follow: {

ˆ̇x = A.x̂+ B.u+ L.(y − ŷ)
ŷ = C.x̂

(8)

The symbol ˆ denotes the estimated value and L is the observer gain
matrix. The mechanism of adaptation speed is deduced by Lyapunov theory.
The estimation error of the stator current and rotor flux, which is the difference
between the observer and the model of the motor, is given by:

ė = (A − L.C).e+ ∆A.x̂ (9)

Where
e = x− x̂ (10)

∆A = A − Ã =


0 0 0 K.∆ωr
0 0 −K.∆ωr 0
0 0 0 −∆ωr
0 0 ∆ωr 0

 (11)

∆ωr = ωr − ω̂r (12)

Definition 4.1. We consider the following Lyapunov function:

V = et.e+
(∆ωr)

2

λ
(13)

Where λ is a positive coefficient, its derivative is given as follow:

V̇ = et[(A−LC)t + (A−LC)]e− 2K∆ωr(eisαφ̂rβ − eisβ φ̂rα) +
2

λ
∆ωr ˙̂ωr (14)

With ω̂r is the estimated rotor speed. The adaptation law for the estima-
tion of the rotor speed can be deduced by the equality between the second and
third terms of Equation 14:

ω̂r =

∫
λ.K.(eisα .φ̂rβ − eisβ .φ̂rα).dt (15)

The feedback gain matrix L is chosen to ensure the fast and robust
dynamic performance of the closed loop observer.

L =


l1 −l2
l2 l1
l3 −l4
l4 l3

 (16)

With l1, l2, l3 and l4 are given by:

l1 = (k1 − 1).(γ + 1
Tr

) ; l2 = −(k1 − 1).ω̂r

l3 =
(k21−1)

K
.(γ −K.Lm

Tr
) + (k1−1)

K
.(γ + 1

Tr
) ; l4 = − (k1−1)

K
.ω̂r
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Remark 4.1. k1 is a positive coefficient obtained by pole placement approach
[3]; a wise choice was made for its value which is 1.06 in order to guarantee
a fast response. Fuzzy logic control (FLC) in adaptation mechanism replaces
conventional control [15] and it gives robust performance against parameter
variation and machine saturation [16] [17]

The state space mathematical model of the adaptive observer is illus-
trated by Figure 6.

Figure 6. State space mathematical model of the adaptive observer

5. Simulation Results

A series of simulation tests were carried out on the proposed system.
During all the tests, the reference of the stator flux is set to 1 Wb and a
sudden load of 10 N.m is applied at 0.5s and removed at 0.8s in order to test
the system stability. A 20 rad/s step reference speed is applied at 0s. The
step reference is chosen because it is the hardest for most control processes.
There is an improvement in speed regulation with less flux distortion and
torque pulsation even under the instant load conditions as shown in Figures
7 and 8. In Figures 9, 10 and 11, the steady state is reached quickly and the
starting torque and currents reach maximum values and are stabilized at the
same time, the starting torque is high in order to overcome the inertia and
friction and the dynamics of speed is very fast with a short response time.
This means the high performance of the flux and torque estimators, and the
speed anti-windup regulator too.
The torque THD is reduced from 74.63% to 45.69% and the phase current
THD is reduced from 57.89% to 40.45%. The switching frequency of the zone
shifting technique is constant, the reason is that each inverters interrupter has
a rest moment (switching off) which can reduce the commutation losses even
in steady state or in transient operation.



Induction Motor DTC Performance Improvement by Reducing Torque Ripples in Low Speed 257

(a) THD at
0◦ shifting

(b) THD at
15◦ shifting

(c) THD at
30◦ shifting

Figure 7. Torque THD improvement

(a) THD at
0◦ shifting

(b) THD at
15◦ shifting

(c) THD at
30◦ shifting

Figure 8. Phase current THD improvement
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Figure 9. Operating at 0◦ zone shifting
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Figure 10. Operating at 15◦ zone shifting
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Figure 11. Operating at 30◦ zone shifting
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6. Conclusion

Zone shifting DTC for a three-phase 3kW induction motor drive is simu-
lated in the MATLAB/Simulink environment, and the dynamic performance is
studied too. The starting current, speed regulation, flux distortion and torque
pulsation are much lower with 30◦ zone shifting technique. The simulated re-
sponses show that the system performance during instant load is good, the
simulated current and torque THD during the steady state are improved, with
faster dynamic characteristic.

The constant switching frequency based DTC strategy has a reducer
ripples level basing on zone shifting technique compared to the conventional
DTC, where it is observed that the high torque ripples exceed the hysteresis
boundary. The modified DTC shows a reducer flux ripples, faster magni-
tude tracking at the starting up and better components waveform than the
conventional DTC.In conclusion, zone shifting technique has proved good per-
formance dynamic for IM drive DTC control type especially at very low speed.
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