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ABSTRACT: Various control techniques have been presented over the years to achieve speed control of induction
motor. With the advent of power electronics converters and sophisticated controllers scalar control methods like
sinusoidal pulse width modulation (SPWM) and space vector pulse width modulation (SVPWM) are now widely used.
However, it does not give the decoupled control between the torque and the flux. The objective of decoupled control can
be realized with field oriented vector control approach, commonly known as field oriented control (FOC) or direct
torque control (DTC) technique. The study aims to investigate the static and dynamic performance of a three-phase
induction motor controlled by a DTC strategy and to evaluate the performance of the DTC against the scalar control
approach. A four–level torque comparator based DTC scheme is also reported in this paper to improve the performance
of conventional DTC that employs 3-level torque comparator. The parameters of interest for evaluating the different
schemes are flux ripple, torque ripple, dynamic response, harmonic content etc. Simulations are carried out in
MATLAB/Simulink to evaluate the various speed control strategies on these parameters.

KEYWORDS: Induction motors, scalar control, Direct torque control.

I. INTRODUCTION
As it is possible to independently control the flux and torque of the DC motor, it offers easy and decoupled
control. Hence, before the advent of power electronics converters and advanced processors/controllers,
variable speed applications were mainly dominated by dc drives. But DC motors have disadvantages like
higher cost, higher rotor inertia and have maintenance problem with commutators and brushes. Further these
motors are not suitable for operating in dirty and explosive environment. The AC machines especially
induction motor, do not suffer from these disadvantages. However, unlike the DC motors, it is relatively
difficult to control the torque and flux independently. In last few decades the availability of power electronics
devices like thyristors, power transistors, IGBT and GTO; advancement in the computational tools and the
new control techniques of speed control of AC machines have made it possible to replace DC drives by the
AC drives for variable speed applications.

The different methods of speed control of AC induction motor can be classified as scalar control, vector
control and direct torque control. The scalar control methods especially sinusoidal pulse-width modulation
(SPWM) [1] and space vector pulse-width modulation (SVPWM) [2] is applied broadly for general purpose
industrial applications as it is cheap, well-established and easily implementable. In this method the motor
speed is measured and compared with speed command to generate speed error. According to this error, slip
speed command is generated which is added to the actual motor speed(⍵ ) to derive the frequency command
for the V/f control [2], [3]. Major drawback of this method is that both torque and flux cannot be controlled
directly and hence, the dynamic behavior is not satisfactory resulting into slow response to transients [2], [3].
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A flux observer can even be employed to estimate the stator flux rather than estimating from V/f ratio [4]. V/f
in general provides a stable control but relatively poor in terms of the dynamic response. In V/f control using
either SPWM or SVPWM modulation technique, if the frequency modulation ratio is kept constant, the
switching frequency will be high at a high fundamental output frequency. Therefore, it is desire to vary
(to vary the switching frequency) prudently over the speed-range to effectively maintain the switching losses
below certain level. Thus, based on whether is varied or not, one can operate the IM with synchronous or
asynchronous modulation. Synchronous PWM method is employed until it reaches a fundamental frequency
value [5].

Recently, vector control and direct torque control (DTC) methods are popular for high performance drives
[6], [7], [8]. These methods operate with fast response, so it satisfies the requirements of dynamic drives to
handle transient response [8]. The objective of decoupled control can be realized with field oriented vector
control (FOC) technique or direct torque control (DTC) technique [8]. Unlike FOC, DTC method does not
require any reference frame transformation and current regulator [9]. The DTC operates on the error between
the reference value and estimated value of torque and flux to control the inverter states in order to reduce the
torque and flux error within the hysteresis band limits [10], [11]. It is possible to obtain a good dynamic
control of torque without using any mechanical transducer on machine shaft [12]. However, in DTC method
torque and flux ripple is high as compared to FOC. Hence, many methods have been reported to reduce the
ripples [13], [14], [15]. A four-level DTC that uses four-level torque comparator can also reduce the ripples
and additionally reduces torque ambiguity [16]. In this work, a comparative study of scalar control techniques
like SPWM and SVPWM is carried out with the conventional DTC and four-level torque comparator based
DTC to evaluate the performance of the IM in terms of torque ripple,  flux ripple, THD of stator current and
dynamic response.

II. INDUCTION MOTOR MODELING
It is important to accurately model the induction motor in order to test and evaluate the performance of the
motor. The voltage equations of IM are complex due to the time varying variables between stator and rotor
circuits. By transferring all variables in another reference frame one can eliminate this problem. The most
commonly used reference frames are stationary reference frame and synchronously rotating reference frame.
To do this transformation Clarke’s and Park’s transformations are used [17]. A per-phase equivalent circuit of
an induction motor is shown in fig 1 [18].

Fig 1: Per-phase equivalent circuit of induction motor.
The induction motor (IM) model presented in the arbitrary reference frame is expressed and simulated

in MATLAB/Simulink using (1) through (9) [19].= + +⍵ ∗ + ⍵ + (1)

= + −⍵ ∗ − ⍵ + (2)
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= − +⍵ + (3)= − +⍵ + (4)⍵ = ( − ) − 1 (5)

= + (6)

= (7)= − (8)= 1 − (9)

Here, is supply voltage and , are stator and rotor current vectors; , are stator and rotor resistances;, are stator and rotor flux; ⍵ is rotor angular speed; ⍵ is angular speed of reference frame; is moment
of inertia; is load toque; and , , are stator, rotor and mutual inductances, respectively while P
represents number of poles of IM.

III. DIRECT TORQUE CONTROL STRATEGY
The torque equation of three phase induction motor can be written in terms of stator flux space vector and
stator current space vector. = 32 ∗ | | ∗ | | ∗ (10)

where, α is the instantaneous value of angle between stator current space vector and stator flux space
vector . From (10) it can be shown that at certain rotor speed, if magnitude of stator flux is kept constant
then value of torque can be changed rapidly by changing angle α. If stator voltage vector is selected such that
it keeps stator flux constant, but quickly rotates the stator flux space vector into desired (advance for
acceleration and retard for deceleration) position then fast torque control is obtained. As the torque is directly
controlled by adjusting the angle α, the control strategy is named DTC [9].
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Fig 2: Control scheme of a DTC.
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Basic control scheme of a DTC induction motor drive is shown in fig. 2, which comprises of two comparators:
one for stator flux amplitude control and another for the torque control. Both the stator flux and the torque
controllers employ the principle of the hysteresis control [9]. According to the outputs from the torque and
flux hysteresis comparators and sector of stator flux, switching states of inverter are selected from lookup
table. Various aspects involved in the control are elaborated next.

A. Controlling Torque and Flux through Hysteresis
The stator flux space vector increases if either the voltage vector belonging to the same sector or any of the
two adjacent voltage vectors is applied. On the contrary it decreases if remaining three active voltage vectors
are selected. The selected voltage vector not only affects the torque production of induction motor but also
affects the switching frequency. The switching frequency should be keep as low as possible. Hence, the most
appropriate voltage space vector is the one which requires minimum number of switching and simultaneously
drive both the stator flux and torque error in the desired direction [10]. An illustration of switching process for
controlling the stator flux space vector is explained through fig 3.

Fig 3: Control of stator flux space vector by application of appropriate voltage vector.
It is considered that the motor is operating below base speed. Hence, the stator flux reference is equal to the
rated stator flux (magnitude represented by middle circle). Fig 3 shows that at some instant is in sector 1
and corresponds to the point A when | | = | | + ∆ where ∆Ψ is very less as compared to | |.
As | |>| | hysteresis comparator takes the corrective action to reduce | |. This can be achieved by
selecting any of the three vectors , or . Out of these three vectors is the most preferable as it
involves switching in just one leg. | | decreases and after some time occupies position B, where | |
once again reaches its upper limit. As point B is in sector 2, | | can be reduced by selecting from the
voltage vector , or to have the lower switching. It drives towards lower limit | | − ∆ . As
lower limit is reached at point C, which is in sector 2, | | must now be increased by applying . The
principle is thus applied to all the sectors to control the tip of the strictly within the two circles to follow a
circular locus.

When any voltage vector is selected to change it simultaneously affects the torque. In order to increase the
torque, the voltage vector that advances stator flux vector must be selected. On the other hand torque can
be reduced by retarding . Fig 4 indicates the effect of different voltage vectors on and torque when is
in the sector 1 or 2. The selection of the appropriate voltage vector based on the desired change required in| | and T is mentioned in next sub- section.
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Fig 4:  Selection of the appropriate voltage space vector for required change in | | and T, (a) when
stator flux vector is in sector 1; (b) when the stator flux vector is in sector2.

B. Choosing the Optimum Voltage Switching Vector
Table 1 shows selection of optimum voltage vector for desired change required in | | and the torque. The
selection is done based on the flux error ∆ and torque error ∆ .

Table 1. Optimum voltage vector look-up table [10]

∆Ψs ∆Te Sector1 Sector2 Sector3 Sector4 Sector5 Sector6

1
1 V2 V3 V4 V5 V6 V1

0 V7 V8 V7 V8 V7 V8

-1 V6 V1 V2 V3 V4 V5

0
1 V3 V4 V5 V6 V1 V2

0 V8 V7 V8 V7 V8 V7

-1 V5 V6 V1 V2 V3 V4

The output signals of two-level flux hysteresis comparator is based on following comparison.

If    |Ψs|≥|Ψs*|+|hysteresis band| then ∆Ψs=0
If    |Ψs|≤|Ψs*|-|hysteresis band| then ∆Ψs=1

The output signals of three level torque hysteresis comparators corresponds to following fact.

If    Te≥Te*+hysteresis band| then ∆Te=-1

If     Te=Te* then ∆Te=0
if    Te≤Te*-|hysteresis band| then ∆Te=1
Thus, Table-I illustrates the selection of appropriate vector based on the values of ∆ and ∆ for different
sector.

C. Speed control with DTC
The general speed control scheme is shown in Fig 2. A PID controller is used as a speed controller

whose input is the error between the speed command and the actual speed. Actual motor speed can be
obtained using the speed sensor or speed estimator. A PI controller is commonly used instead of a PID
controller. The output of the controller is the torque command, which in turn is the input to the torque
hysteresis comparator.

D. Twelve Sector DTC Using Four Level Torque Hysteresis
In classical DTC torque ambiguity is present in each sector. To reduce it stator flux locus is divided into

twelve sectors instead of just six. As shown in the fig 5 all the six vectors are used in all the sectors, thus
reducing the torque ambiguity that occurs in case of six sector DTC scheme [16].
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Fig 5: Sector division for twelve-sector DTC scheme.

The twelve sectors DTC consist of two level flux hysteresis and four level torque hysteresis for reducing the
repulsion in torque and flux. The flux hysteresis comparator produces 1 for increase in flux which is indicated
by FI and 0 for decrease in flux which is represented by FD in Table 2. The torque hysteresis comparator
produces 1 for TsI, 2 for TI, -1 for TsD and -2 for TD. Here, TD indicates torque decrease while TI indicates
torque increase. TsI and TsD indicate small increase and decrease in torque, respectively. The vector selection
for these 12 sectors DTC using four-level torque hysteresis is presented in form of a Table 2.

Table 2. Switching table for the twelve-sector DTC scheme [19].

T S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

FI

TI V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2

TsI V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1

TsD V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6

TD V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6

FD

TI V3 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3

TsI V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3 V3

TsD V5 V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4

TI V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4 V5

IV. SIMULATION RESULTS
Simulations have been carried out for 3-level and 4-level torque comparator based DTC induction motor drive
in MATLAB/Simulink. The performance of DTC controlled IM is also evaluated with scalar control based IM
drive.  The parameters of the IM used for simulation are mentioned in Table 3.
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Table 3. Simulation Parameters of induction motor [17]

Parameters Value

P 4

F 60Hz

V 220 V(rms line to line voltage)

Rs 0.435 Ω

2e-3 H

0.0693 H

′ 2e-3 H

′ 0.816 Ω
J 0.89 kg.

a) SPWM method
Simulation results for the scalar control employing V/f technique are shown in figs. 6 and 7. The SPWM
principle is used for the V/f control, where the carrier frequency is considered constant as 3480Hz for the
asynchronous SPWM while it is continuously adjusted as an integral multiple of the actual frequency in case
of synchronous SPWM. The control parameters of this method corresponding to 150rad/s are given in Table
4.

Table 4. Parameters for SPWM control

Parameters Value
DC Link Voltage Vdc 420V

Frequency 60 Hz
Carrier Frequency 3480Hz

Amplitude modulation Index Ma 1
Frequency modulation index Mf 58

Fig 6: Torque and speed of IM supply with SPWM control
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Fig 7: Enlarged view of Torque of IM
As observed in fig. 7 the speed of the motor exhibits an overshoot and settles down at desired speed of
125raad.s in t=2s. A step change from 125rad/s to 150rad/sec in speed command is applied at t=3s as shown in
fig.6.  Both the asynchronous and synchronous SPWM approaches show nearly similar dynamic response in
terms of settling time (0.15s) and torque overshoot. Also as shown in zoomed view of torque (fig. 6(b)) the
torque ripple is very high with both these approaches.

b) SVPWM Method
The performance with the SVPWM is displayed through the figs. 8 and 9. The same motor parameters and test
conditions are considered as used for SPWM methods.

Fig 8: Torque and speed of IM with SVPWM control

Fig 9: Enlarged view of Torque of IM
Fig.8 shows that the torque and speed waveforms are of similar nature as that observed in fig.6 (with SPWM
method).  But, the torque ripples shown in fig. 9 shows relatively lesser erratic nature than that obtained with
SPWM. The magnitude of the torque ripple is high but less than that obtained with SPWM.
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c) DTC Method
The simulation results with the conventional DTC having three-level hysteresis controller are shown in figs.10
through 12. The same conditions, except the fact that the step change in speed command is applied at t=1s, are
used for evaluating the performance as considered for the SPWM and SVPWM approaches. The hysteresis
band of flux is considered 4% while that for of torque is considered as 6% of the rated value.

It is observed from fig. 10 that the motor settles down to the 125rad/s within 0.2s, which is much less than
achieved with the SPWM or SVPWM methods. Further, the speed waveform does not exhibit any overshoot.
For the speed change in speed at t=1s, the new desired speed of 150rad/s is attained within just 0.04s
demonstrating a good dynamic response of DTC. The fast response is due to the constant high torque
maintained during transient period. The torque ripples shown in fig. 11 shows lesser ripple than the earlier
approaches. The flux locus is a circle with a width that corresponds to the flux hysteresis band. Circular locus
of flux ensures sinusoidal flux in the air gap.

.

Fig 10: Speed and torque of IM with conventional DTC

Fig 11: Enlarged view of Torque

Fig 12: Flux locus of motor with DTC control
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d) Twelve sector DTC using four level hysteresis
Figs 13 through 15 show the response of the IM when controlled using four-level torque comparator. Not
much difference is noticed in the nature of speed and the torque response during the starting as well as after
the step change in the speed command. However, further reduction in torque ripple is observed.

The performance of all the approaches discussed above is compared and summarized in Tables 5. The
effective inverter switching frequency for DTC is observed to be around 3.75kHz at 125rad/sec speed.  Hence,
the carrier frequency for SPWM and SVPWM is accordingly selected to maintain the uniformity for
comparison. It is observed that the torque ripple and flux ripples are significantly less with DTC. The ripples
can further marginally be reduced by using 4-level torque comparator. The THD of the stator current is
observed as the least with the SVPWM method (about 1.3% less than DTC using 4-level torque comparator).
However, it is sluggish as requires more time to settle to the desired speed at starting as well as after the
sudden change in the speed command (or load).

Fig 13: Speed and torque of IM with four-level DTC

Fig 14: Enlarged view of Torque

Fig 15. Flux locus of motor with four-level DTC control
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Table 5. Relative performance of various methods

Methods Torque
Ripple

Flux
Ripple

THD of stator
current

Settling time (s)

At starting With step change

SPWM 130% 6.31% 6.88% 2.97 0.22

SVPWM 80% 5.26% 4.86% 2.33 0.12

DTC 39% 4.21% 7.68% 0.2 0.04

DTC (4- level) 32.6% 3.78% 6.18% 0.2 0.04

V. CONCLUSION
In this paper performance comparison of scalar control methods with direct torque control method is done. It
is observed that unlike the SPWM and SVPWM, due to the decoupled and direct control of the torque and the
flux, DTC provides faster response with low torque and flux ripples. Though the flux hysteresis and torque
hysteresis comparators of the DTC scheme maintain the torque and flux within a narrow band, it does not
increase the switching losses. The reason is the same effective inverter switching frequency used for
comparison. The performance of DTC scheme can further be improved by employing four-level torque
comparator in place of the three-level torque comparator. The dynamic response is not much affected by
incorporating the four-level comparator, but it reduces the ripples in the torque and flux.
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