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ENHANCEMENT IN STEADY STATE AND
DYNAMIC PERFORMANCE OF DIRECT TORQUE

CONTROL INDUCTION MOTOR DRIVE
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An enhancement in dynamic performance of a traditional DTC drive can be achieved by a robust speed control algorithm
while the steady state performance depends upon the switching strategy selected for minimization of torque ripples and an
efficient flux control loop. In this paper a new torque ripple reduction technique with a modified look up table incorporating
a larger number of synthesized non zero active voltage vectors is utilized to overcome the limitations of the conventionally
controlled DTC drive. A fuzzy logic based speed controller and a low pass filter with tunable cutoff frequency for flux
estimation is proposed in this paper. The proposed study is investigated through simulation and experimentally validated
on a test drive.
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1 INTRODUCTION

In a direct torque control induction motor drive, the
basic concept is to control both stator flux and electro-
magnetic torque of the machine simultaneously by the
application of one of the six active full voltage vectors
and two zero voltage vectors generated by an inverter.
The stator flux and torque track their reference values
within the limits of two hysteresis bands with two hys-
teresis comparators and a heuristic switching table to ob-
tain quick dynamic response [1–4]. Torque and current
ripples with variable switching operation are the major
concerns with a basic DTC drive.

In the past decades as reported in literature, DTC
based on Space Vector Modulation (DTC-SVM) is one
of the most popular solution for the mitigation of above
mentioned short comings of conventional DTC drive [5–
7]. A constant frequency operation with reduced torque
and current ripples, but at the expense of increased com-
plexity are the highlights of implementing a DTC drive
with Space Vector Modulation.

Another approach for torque ripple minimization is
to replace a two level inverter with a multilevel inverter
[8–11]. Availability of more voltage vectors for a given
requirement of torque and flux resulted into an improved
response of the drive in terms of torque ripples, but at the
cost of enhancement in control complexity and a higher
device count. Thus affecting the robustness, simplicity
in control and reliability of the drive which are the key
features of a DTC drive.

In a conventional DTC drive, increased torque and
current ripples are also attributed to the application of a
single voltage vector for the entire sampling period. These
ripples can be easily reduced by applying the selected
voltage vector only for a part of the sampling period.

This technique, also known as duty ratio control [12–

15], results in an increased number of voltage vectors

beyond the available ones, without any increase in the

number of semiconductor switches in the inverter. The

duty ratio control technique requires frequent application

of zero voltage vectors, which provokes some problems

such as the demagnetization phenomenon of the stator

flux, especially in the low speed region.

In this paper an improvement in the steady state as

well as dynamic performance of a DTC drive is proposed

by implementing the DTC algorithm with the following

modifications.

1. An efficient switching scheme for torque ripple reduc-

tion.

2. A robust speed control algorithm for a fast dynamic

response.

3. A modified flux estimation algorithm for the flux con-

trol loop.

A new simple torque ripple reduction technique with

help of a modified look up table incorporating a larger

number of synthesized non zero active voltage vectors

generated by a two level voltage source inverter is pro-

posed for minimizing the torque ripples.

A low pass filter based digital integration algorithm

with tunable cutoff frequency is implemented for flux es-

timation [18, 19] and a fuzzy logic speed control algo-

rithm is proposed to improve the dynamic response of

the drive [20]. Thus the aim of this paper is to enhance

the steady state as well as the dynamic performance of

the drive while maintaining the simplicity of control al-

gorithm. The proposed control strategy is illustrated by

simulation and validated through experimental results.
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Fig. 1. Schematic diagram of the proposed DTC drive

Fig. 2. (a) – Flux estimation by modified low pass filter, (b) – Fuzzy logic speed controller

2 PROPOSED DTC SCHEME.

The schematic block diagram of the proposed DTC
drive is shown in Fig. 1. In the proposed scheme a fuzzy
logic speed controller, which is explained in Section 2.2
in detail, is utilized in the speed control loop. For torque
ripple reduction, the conventional switching scheme with
limited voltage vectors is replaced by a modified scheme
with larger number of voltage vectors. The details of the
novel switching scheme are explained in Section 2.3.

From the basic equation governing induction motor
operation stator flux λs is given by

λs =

∫

(Vs −RsIs)dt . (1)

For the estimation of stator flux, an integration operation
is required as given by (1). A pure integrator has the
following limitations.

1. Any transduction error in measured stator current due
to offset introduces DC component and hence results
in integrator saturation.

2. Integration error due to incorrect initial values.

To overcome the above mentioned limitations, a mod-
ified low pass filter based digital integration algorithm is
implemented for flux estimation. The details of the flux
estimation algorithm are explained in Section 2.1.

2.1 Flux Estimation

A well-known solution to the dc-offset and initial value
problem with a pure integrator is to replace it with a low
pass filter (LPF) with an appropriate cut off frequency.
The mathematical expression of the low pass filter with
a cut off frequency of ωc can be given for ξ = α, β

λsξ =
1

s+ ωc

(

Esξ

)

, (2)

which can be expressed in discrete form as

λsξ(k) =
1

1 + ∆tsωc

(

∆tsEsξ(k) + λsξ(k − 1)
)

, (3)

The value of the cutoff frequency ωc has to be ju-
dicially chosen, because a cutoff frequency higher than
operating frequency of the drive leads to flux distortion
at low speeds. A possible solution to this problem is a
modified LPF based flux estimator with cutoff frequency
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Fig. 3. Membership functions of FLC: (a) – input variable speed
error, (b) – input variable change in speed error, (c— – output

variable ref torque

Table 1. Fuzzy control rule table

∆E\∆̇E NE ZE PS

NH NB NB NB
NL NB NL NB
ZE PL PL PL
PL PB PB PB
PH PB PB PB

Table 2. Proposed novel switching technique

Flux Torque
Voltage

Flux Torque
Voltage

Vector Vector

T ↑↑
V2

T ↑↑
V3(large increase) (large increase)

T ↑
V12

T ↑
V34

F ↑
(small increase)

F ↓
(small increase)

T ↓
V61

T ↓
V45(small decrease) (small decrease)

T ↓↓
V6

T ↓↓
V5(large decrease) (large decrease)

proportional to the synchronous frequency, as shown in

Fig.2(a) . The relation between the cutoff frequency and

synchronous frequency ωe can be given by a simple rela-

tion ωc = kωe . The typical range of k lies between 0.1

and 0.5 and the synchronous frequency can be given by

(6).

ωe =
Esβλsα − Esαλsβ

|λs|2
. (4)

2.2 Speed Control

The schematic block diagram of the proposed fuzzy
logic speed controller (FLC) is shown in Fig. 2(b). The
basic consideration in the design of the control rules is
aimed at a faster dynamic response of the drive while
maintaining the simplicity of control. The two inputs to
the FLC are speed error and change in speed error, which
are expressed by (7) and (8) in discrete form for imple-
mentation on a dsp based controller.

∆E(k) = N∗

r (k)−Nr(k) , (5)

∆̇E(k) =
(

∆E(k)−∆E(k − 1)
)/

∆t . (6)

∆E(k) is fuzzified into five fuzzy subsets, while ∆̇E(k) is
represented by three fuzzy subsets with triangular mem-
bership functions. The input and output membership
functions are shown in Fig. 3. The universe of discourse
for the two input fuzzy sets is taken as ±1 and the input
variables are normalized by a normalized factor (Ke and
Kce) so that they remain within the universe of discourse.
The defuzzified output of the FLC is the reference torque
command T (k) which is further normalized so that the
rated torque and current limits of the drive are not vio-
lated (±6 Nm,2.0 amps).

The selection of membership function for the input and
output variables as well as the formulation of the fuzzy
rules is based on the prior knowledge of PI control in
the speed control loop of a DTC drive through numerical
simulation. The rules are formulated based on the fact
that for a large positive speed error, the required control
action is a higher value of torque command, while for a
negative speed error a large negative torque command is
desired. The set of rules for the proposed FLC are shown
in Tab. 1.

2.3 Novel switching technique

A new method utilizing a larger number of synthe-
sized intermediate voltage vectors with a modified look
up table is proposed to overcome the limitations of the
conventional DTC drive. In the proposed method, torque
control is achieved by the application of full vectors (V1 –
V6 ) for large torque error and intermediate vectors (V12 –
V61 ) for smaller error between reference and estimated
torque. The voltage vector selection algorithm shown in
Tab. 2 can be verified from Fig. 4(a) when stator flux is
located in sector 1.

Large torque error can be minimized by a significant
increment in the angular separation between stator and
rotor flux vectors, which can be achieved by voltage vec-
tor V2 , however for a small increment in torque, the ap-
plication of the intermediate voltage vector V12 results
in a smaller increment in the angular separation. It can
be verified from the switching Table 2 that the proposed
control algorithm is implemented by a four level torque
comparator. A voltage vector V12 can be synthesized by
two adjacent full vectors V1 and V2 with 50% duty ratio.

An improvement in stator flux response at sector
boundaries by the proposed technique can be explained
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Fig. 4. (a) – Voltage vector selection in the proposed novel switching technique, (b) – Available voltage vectors, (c) – Flux droop at
sector boundary by a full vector, (d) – Improved flux response by an intermediate vector

Fig. 5. Experimental test drive set up

from Fig. 4(b). The stator voltage vector V2 , which is se-
lected for a torque and flux increment, becomes ineffective
to boost the stator flux because the full voltage vector is
almost orthogonal to the stator flux vector λs(k). On the
other hand it can be seen that the intermediate voltage
vector V12 can be more effective in increasing the resul-
tant stator flux.

3 RESULTS AND DISCUSSION

The steady state as well as dynamic performance of
the proposed drive are investigated through simulations
using Matlab/Simulink and are further validated experi-
mentally.

A test drive set up developed in the laboratory is
shown in Fig. 5. The experimental test drive setup con-
sists of the following elements:

1) Machine unit; a 0.75 kW, 410 V,50 Hz squirrel-cage
induction motor with a shaft mounted tachogenerator for
speed sensing coupled with dc generator for loading.

2) A power module with MOSFET based voltage
source inverter with Hall Effect sensors and gate drive

circuitry. 3) dSpace DS1104 control board. The param-
eters of the motor for experimentation are as follows.

Rs = 10.75Ω, Rr = 9.28Ω, Ls = Lr = 51.9 mH, P = 4
and Lm = 479.9 mH. The sampling time of the DTC ex-
periments is taken as 100µs while the dead time for the

switches is 10µs. The value of torque and flux hysteresis
comparator bandwidth is takes as 0.5 Nm and 0.005 Wb.
All experimental results are recorded using the Control

Desk platform of dSpace DS1104 by saving the target
variable as mat files.

3.1 Dynamic Perfomance

The dynamic response of the drive was investigated by

subjecting the drive to a speed reversal operation. Fig-
ure 6 shows the experimental and simulated results for a
speed reversal at rated speed (−1490 rpm to +1490 rpm).

It can be verified from the experimental results that the
time taken by the drive to attain steady state speed af-
ter reversal is approximately 2 secs. To further study the

speed tracking performance, the drive was subjected to
a continuous change in reference speed shown in Fig. 7

which is achieved by the control desk platform of dspace
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Fig. 6. Speed reversal dynamics for step change in speed command input from −1490 rpm to 1490 rpm: (a) – ref.speed (experimental),
(b) – measured rotor speed (experimental), (c) – ref.speed (simulation result), (d) – rotor speed (simulated)

Fig. 7. Experimental and simulated speed tracking dynamics for continuous variation in speed command input (1400 rpm to 400 rpm):
(a) – ref.speed (experimental), (b) – -measured rotor speed (experimental), (c) – ref.speed (simulation result), (d) – rotor speed (simulated)

having the feature of online change in an input parame-
ter. From Fig.7(a) and 7(b) it can be seen that the actual
rotor speed tracks the reference speed from 1400 rpm to
400 rpm. Similar performance is also verified from the
simulation results shown in Figs. 7(c) and 7(d). Thus
a fast dynamic response validates the superiority of the
speed control algorithm.

3.2 Steady State Perfomance

Torque Ripple Analysis

The experimental test drive was operated in torque
control mode under the influence of different reference
torque (different operating speed) at 80% loading. The
experimentation is primarily focused on low speed per-
formance of the drive which is achieved by operating
the drive with reference torque in the range from 1 Nm
to 1.8 Nm The performance parameters to judge the ef-
fectiveness of the proposed method are torque and flux
ripples which can be mathematically expressed by Root
Mean Square Torque Error (RMSTE) and Root Mean
Square Flux Error (RMSFE) given by (9) and (10).λs(k)

and Te(k) are the flux and estimated torque at kth sam-

pling instant and λref
s is the reference stator flux and T avg

e

is the calculated mean torque.

RMSFE =
1

N

√

√

√

√

N
∑

k=1

(

λref
s − λs(k)

)2
, (7)

RMSTE =
1

N

√

√

√

√

N
∑

k=1

(

T
avg
e − Te(k)

)2
. (8)

A comparison of torque variation slope pattern can
be done from Fig. 8(a) and (b). These simulation results
shows the variation of estimated torque with the applied
voltage vectors in conventional as well as the proposed
technique. Comparing the two switching strategies, from
Fig. 8(a) it can be seen that only a single full vector V2 is
responsible for torque increment in a particular sampling

instant in conventional DTC, while in the proposed tech-
nique a full vector V1 and an intermediate vector V7 are
selected for an increase in torque as shown by Fig. 8(b).

The superiority of the novel switching method over
conventional method can be established from Fig. 9,

which shows the experimental results for torque ripple
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Fig. 8. Simulation results showing (a) – steep torque slope pattern
with full vectors in conventional switching, (b) – improved torque
slope pattern with intermediate vectors in novel switching method

Fig. 9. Experimental torque ripple comparison for a ref torque of
(a) – 1.4 Nm conventional, (b) – 1.4 Nm proposed novel technique,
(c) – 1 Nm Conventional switching technique, (d) – 1 Nm proposed

switching method

Fig. 10. Flux droop by zero vectors and sector transition in con-
ventional DTC: (a) – flux, (b) – voltage vector, (c) – flux sector

Fig. 11. Improved flux response at sector boundaries in novel
switching technique: (a) – flux, (b) – voltage vector, (c) – flux sector

comparison. The proposed novel switching technique ex-
hibit a performance with reduced torque ripples at differ-
ent operating torque (1 Nm and 1.4 Nm).

The calculated torque and flux ripples at different op-
erating torque on the collected data samples using con-
trol desk platform are presented in Table.3. It can be
concluded from the table that by the proposed switch-
ing technique torque ripples get reduced by almost 60%
as compared to conventional switching strategy. Further-
more a reduction in flux ripples can also be confirmed for
the proposed strategy.

Flux Response Analysis

In a conventional DTC drive a droop in flux is observed
when a change in stator flux sector takes place, and this

can be attributed to the fact that the effect of a chosen
voltage vector for a particular flux requirement is different
at sector boundaries. Furthermore zero voltage vectors,
which are chosen for torque decrement also results in a
significant droop in stator flux and it can be verified from
Fig. 10 in which a plot of stator flux under the influence
of different voltage vectors along with stator flux location
is shown.

The arrow marks in the figure points the instants of
sector change and application of zero voltage vectors and
the corresponding distortion in stator flux. On the con-
trary as shown in Fig. 11 an improved flux response in
terms of elimination of flux droop at sector boundaries
and a minimization in flux distortion due to zero voltage
vectors validate the superiority of the modified method
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Fig. 12. Experimental results to validate the effectiveness of the flux estimation algorithm (a) – speed in rpm, (b) – flux response for step
reduction in operating speed for modefied LPF method, (c) – speed in rpm, (d) – flux response of conventional LPF method, (e) – steady

state Stator flux components (λsα, λsβ)(f) flux trajectory

Table 3. Torque and flux ripple comparison

Performance Comparison

Switching Reference
Torque Ripple

Flux

techniques Torque
Pu of

Ripple
Nm

Nm mean
torque

1.0 0.7431 2.32 0.0199

Conventional
1.3 0.59 0.91 0.0144
1.5 0.6156 0.8347 0.0136
1.7 .7855 1.13 .0145

1.0 0.1962 0.2290 0.0135

Proposed
1.3 0.2084 0.1740 0.0136
1.5 0.2499 0.27 0.0130
1.8 .2383 .2072 .0134

over conventional DTC. The performance parameters to
evaluate the effectiveness of the integration algorithm for
flux estimation are steady state and dynamic flux re-
sponse. A comparison of conventional LPF based integra-
tor and proposed modified low pass filter method, when
the drive is subjected to a step reduction in speed is shown
in Fig. 12.

It can be verified from Fig. 12(d) that the flux ripples
in a conventional LPF increases when there is a sudden
reduction in speed, which is one of the limitations of a
LPF having a fix cutoff frequency. In a modified low pass
filter, the cut off frequency depends upon the operating

synchronous frequency and hence the flux ripples remains
within the hysteresis band when the drive is subjected to
a step reduction in operating speed from 100% to 17%
of its rated speed, as see in Fig. 12(b). The calculated
RMSFE during speed decrement for the modified low pass
filter is 1.55% while it is 2.25% for LPF.

Figures 12(e) and (f) shows steady state flux response.
From Fig. 12(e) it can be verified that the two stator flux
components are orthogonal and are sinusoidally varying
with time. A circular flux trajectory shown in Fig. 12(f)
further validates the effectiveness of the flux estimation
method.

The investigations on the proposed DTC drive are
summarized in Table 4.

Table 4.

Performance
Remarksparameters

Torque Ripple Torque ripple reduction by 60%

Flux Response Improved flux response in terms of
1.Absence of flux drop at sector boundaries
with reduced flux ripples due to selected
intermediate voltage vectors and modi-
fied flux estimation method having tunable
cutoff frequency

2.Circular stator flux trajectory

Speed control A fast dynamic response with fuzzy logic
speed controller
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2 CONCLUSION

An enhancement in steady state performance of a DTC
drive is achieved by a novel switching technique with a
modified look up table incorporated with a larger number
of voltage vectors. The proposed technique proves supe-
rior to conventional method with reduced torque ripples
by almost 60%. An improved flux response at sector tran-
sition during low speed operation has also been achieved
by the proposed technique. Implementation of fuzzy logic
control in speed control loop has resulted into a fast dy-
namic response of the drive.
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