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Abstract—Apart from variable switching frequency, a major
issue in direct torque controlled (DTC) induction motor drives is
the high torque ripple, which can be minimized by incorporat-
ing suitable pulsewidth modulation schemes such as space vector
pulsewidth modulation (DTC-SVPWM) and duty ratio control
DTC. However, the simplicity and robustness of the DTC scheme
are compromised due to the high computational complexity and
requirement of a number of motor parameters for the control.
In this article, a simple and elegant control algorithm for the
realisation of the DTC-SVPWM that is less dependent on motor
parameters is proposed. The stator flux-linkage space vector angle
needed to generate the reference torque for the DTC operation is
computed based on the basic torque equation and the reference
stator phase voltage needed for the SVPWM is determined in turn
in every sampling period. For the modulation, a carrier-based space
vector pulsewidth modulation (CSVPWM) scheme is adopted to get
low torque ripple at constant switching frequency. The proposed
speed control scheme avoids the use of rotor parameters and
rotating reference frame transformations. It requires no sector
identification and only one PI controller is needed for the speed
control. Though the scheme has comparable torque ripple as that of
the conventional DTC-SVPWM scheme, it significantly reduces the
computational burden. Hardware results on a three-phase, 2 HP,
415 V induction motor are presented to validate the performance
of the proposed control scheme.

Index Terms—Direct torque control, field-oriented control,
induction motor drives, pulsewidth modulation, space vector
modulation.

I. INTRODUCTION

QUICK torque response, absence of coordinate transfor-
mation, low parameter dependence, and robustness of the

motor drive [1] are some of the important reasons that make di-
rect torque control (DTC) of induction motor a popular choice in
industries. However, it has quite a few important drawbacks
such as high torque ripple, variable switching frequency, and
requirement of high sampling rate compared to average switch-
ing frequency to get acceptable performance [2], [3]. The main
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reason for the high current and torque ripple can be attributed to
the direct application of voltage vectors without volt-second bal-
ance. This idea has motivated many researchers to integrate DTC
with space vector PWM (DTC-SVPWM), which improves the
torque ripple of the drive significantly, albeit a slight reduction
in the speed of response [2]–[11]. To reduce the torque ripple
in DTC, a scheme with sliding mode controllers in the torque
and flux channels; and a PI controller in the outer speed loop is
proposed in [12]. However, the need for three controllers makes
it hard to implement. In [2], [5], [6], [7], a speed controller is
used to determine the reference torque, which is followed by a
torque controller and a flux controller in synchronous reference
frame to generate the reference voltages. The need for three
controllers together with rotational coordinate transformation
makes these drive scheme complex and the controller tuning
challenging. In [8], [9], [10], the requirement of rotational coor-
dinate transformation is avoided by slip speed calculation. From
the slip speed, reference stator flux-linkage vector is calculated
and the switching pulses are generated accordingly. However,
the transient performance is compromised and the need of two
PI controllers makes the tuning difficult.

In [13] and [14], a single PI controller is used to generate
the reference stator flux-linkage space vector for the DTC.
Though the control complexity is reduced, the control algorithm
depends heavily on motor parameters such as rotor resistance
and self-inductance. Moreover, the motor parameters change
widely with temperature and magnetic saturation and it can lead
to poor performance of the drive.

Though field-oriented control (FOC) schemes can provide
better torque ripple performance than DTC, it requires rotational
coordinate transformations, has inferior transient performances
and is heavily dependent on machine parameters, which are not
readily available from the nameplate details [15], [16], [17],
[18], [19], [20], [21]. The parameter estimation can become very
critical and complex in control schemes that depends heavily on
motor parameters [22], [23].

Some of the recent works related to DTC schemes use predic-
tive controller and duty ratio regulation techniques to improve
the torque ripple. In [24], a predictive torque controller based
on discrete space vector modulation (DSVM) was proposed,
where 38 virtual vectors are generated by averaging three actual
voltage vectors. In [25], a model prediction flux controller
is used with a modified DSVM technique which reduces the
number of virtual voltage vectors from 38 to 15. However,
estimation and prediction based on cost function used in [24]
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and [25] are highly parameter dependent. Wu et al. [26] used
a torque prediction controller together with a flexible duty ratio
controller. Though the performance is improved, the simplicity
of the DTC scheme is lost due to the estimation of near voltage
vectors, sector identification, assessing the switching pattern,
and duty ratio calculations. Wu et al. [27] and Abdelwahed et al.
[28] proposed drive schemes that regulate the duty ratio of the
applied voltage vector to minimize the voltage error and large
variations in torque, respectively. In Abdelwahed et al. [28],
steady-state torque error is eliminated by generating a virtual
torque reference from an exponential moving average filter.
However, the generation of reference stator flux and duty ratio
calculation makes the controllers in [27] and [28] parameter-
dependent and complex to implement. Furthermore, the error
voltage between the reference voltage and the voltage vectors
is higher in duty ratio control DTC and DSVM when compared
to DTC-SVPWM. Consequently, DTC-SVPWM shows much
better steady-state performance [26].

The objective of this work is to simplify the conventional
DTC-SVPWM scheme and to make it less parameter dependent
(i.e., the control algorithm does not make use of many motor
parameters for its operation) without affecting the steady state
and dynamic performances. Here, the approximate stator flux-
linkage space vector needed to generate the reference torque is
calculated in a simple manner. Once the reference flux vector
is obtained, the corresponding stator phase-voltage reference
needed for SVPWM is determined in every sampling period
and an easy to implement, carrier-based space vector pulsewidth
modulation scheme (CSVPWM) [29], [30], [31] is used for the
modulation. The proposed control scheme requires only a single
PI controller, uses less number of motor parameters for compu-
tation, is devoid of any rotational coordinate transformations and
operates at constant switching frequency.

The rest of this article is organized as follows. Section II
discusses the basic machine modeling needed for the analysis.
The proposed drive scheme is derived and its control is explained
in Section III. Sections IV and V discuss the simulation and
hardware results, respectively. Finally, Section VI concludes this
article.

II. BASIC THEORETICAL FORMULATION

Electromagnetic torque of an induction motor controlled by
DTC or DTC-SVPWM scheme [32] is given by

T =
3

2

P

2

Lm

σLsLr
(|ψs||ψr| sin θsr) (1)

where the total leakage factor σ is given by

σ = 1 − L2
m

LsLr
. (2)

Here, Ls, Lr, and Lm are stator self-inductance, rotor self-
inductance, and the magnetizing inductance of the machine. |ψs|
and |ψr| represent the magnitude of stator and rotor flux-linkage
space vectors. θsr is the angle between stator and rotor flux-
linkage space vectors and P indicates the number of poles in the
machine.

Fig. 1. Stator flux-linkage space vector and rotor flux-linkage space vector in
the stationary reference frame.

During steady-state operation, stator and rotor flux-linkage
space vectors ( �ψs and �ψr) rotate in uniform circular motion with
constant angular frequency ωe (see Fig. 1). According to (1), for
low values of θsr, torque is proportional to θsr and θsr can be
quickly regulated by controlling the stator flux-linkage space
vector �ψs by suitable selection of the stator voltage vectors.
This is the basic principle behind the direct torque control
scheme. From the induction motor’s stator voltage equation,
the magnitude and angle of the stator flux-linkage vectors can
be written as shown in (3)–(6). The impact of stator resistance
voltage drop is negligible at normal speed ranges [1], [33], [34]
and hence it is not considered in this article. However, the stator
resistance drop may also be included in the equations for low
speed applications

ψds(t) =

(∫
vdsdt

)
+ ψds(t−Δt) (3)

ψqs(t) =

(∫
vqsdt

)
+ ψqs(t−Δt) (4)

|ψs| =
√
ψ2
ds + ψ2

qs (5)

θs = tan−1

(
ψqs

ψds

)
(6)

where Δt denotes the sampling time. ψds and ψqs are the direct
and quadrature axis components of the stator flux-linkage space
vector of the machine in the stationary reference frame. θs is the
phase angle of the stator flux-linkage space vector �ψs. The rotor
flux-linkage of the machine is given by

ψdr = (ψds − σLsids)
Lr

Lm
(7)

ψqr = (ψqs − σLsiqs)
Lr

Lm
(8)

|ψr| =
√
ψ2
dr + ψ2

qr (9)

θr = tan−1

(
ψqr

ψdr

)
(10)

where ψdr and ψqr are the direct and quadrature axis compo-
nents of the rotor flux-linkage space vector of the machine in
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Fig. 2. General control scheme of DTC-SVPWM drive [13].

the stationary reference frame. θr gives the angle of the rotor
flux-linkage vector �ψr.

A new control scheme is derived based on the above machine
model equations as explained in the next section.

III. DEVELOPMENT OF THE PROPOSED DTC-SVPWM
CONTROL SCHEME

The proposed DTC speed control scheme is motivated by the
drive scheme in [13], which has the desirable feature of using
a single PI controller. However, the major issues in [13] are
that the scheme depends on many rotor parameters and accurate
computation of rotor flux linkage space vector is needed. In
this work, the scheme is modified to make the drive completely
free from rotor parameters and rotor flux linkage computation
is unnecessary.

The general control strategy of DTC-SVPWM scheme in [13]
is shown in Fig. 2. In the figure, the error between the reference
and actual speed is used to determine the reference torque T ∗.
Based on (1), the reference torque angle between stator and rotor
flux-linkage space vectors can be written as follows

θ∗sr = sin−1

(
T ∗

3
2
P
2

Lm

σLsLr
|ψs||ψr|

)
. (11)

Addition of θ∗sr and θr (rotor flux-linkage space vector angle)
gives the reference angle of the stator flux-linkage θ∗s (refer
Fig. 1)

θ∗s = θ∗sr + θr (12)

where θr is computed using (7)–(10).
Applying suitable voltage vectors of the inverter for appro-

priate time intervals, the magnitude and angle of the stator flux-
linkage vector can be controlled (see Fig. 3). That is, to generate
the reference stator flux-linkage space vector �ψ∗

s, the controller
needs to determine the instantaneous reference voltage that has
to be applied during each sampling periodΔt. Equations (3) and
(4) can be used to compute the reference voltages (V ∗

ds and V ∗
qs)

in the stationary reference frame as follows:

V ∗
ds =

ψ∗
ds − ψds

Δt
(13)

Fig. 3. Stator flux-linkage generation from reference voltage.

V ∗
qs =

ψ∗
qs − ψqs

Δt
(14)

where

ψ∗
ds = |ψ∗

s| cos θ∗s (15)

ψ∗
qs = |ψ∗

s| sin θ∗s (16)

ψds = |ψs| cos θs (17)

ψqs = |ψs| sin θs. (18)

The controller calculates |ψs| and θs using (5) and (6). The
magnitude of the reference stator flux-linkage vector |ψ∗

s| is held
constant at its rated value below base speed of the motor.

The d-q reference voltages are then converted to three-phase
reference voltages for realizing space vector pulse width mod-
ulation (SVPWM) using two-phase to three-phase transforma-
tion.

The main advantage of the scheme is that it uses a single PI
controller to generate the reference stator flux-linkage vector−→
ψ∗
s. However, the control scheme depends on several motor

parameters (see Fig. 2). To make the controller less dependent
on rotor parameters, and to further simplify the scheme, a few
simplifying assumptions are made as follows:
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Fig. 4. Relationship between current and flux linkages in stationary reference
frame and reference frame aligned to rotor flux.

A. Rotor Flux-Linkage Vector is Stationary During Any
Particular Sampling Period

The sampling frequency of the controller is taken much higher
than the fundamental frequency. Therefore, compared to stator
flux-linkage space vector, the rotor flux-linkage space vector can
be assumed to be stationary during any sampling period as the
time constant of the rotor circuit is much greater than the stator
circuit (see Fig. 1)

θ∗s = θ∗sr − θsr + θs

[ = (θ∗s − θr)− (θs − θr) + θs]. (19)

B. Rotor and Stator Flux-Linkage Magnitudes are
Approximately Equal

Based on the induction motor dynamic model in the reference
frame aligned to the rotor flux, the expressions for de-axis (direct
excitation axis) rotor voltage vedr, and de-axis stator and rotor
flux linkage space vectors (ψe

ds & ψe
dr) are given by [35]

vedr = iedrRr +
d

dt
(ψe

dr) (20)

ψe
dr = |ψr| = Lri

e
dr + Lmi

e
ds (21)

ψe
ds = Lsi

e
ds + Lmi

e
dr (22)

where ieds is the de-axis stator current and Rr is the rotor
resistance. During steady-state operation, |ψe

dr| is held constant.
Hence, d

dt (ψ
e
dr) is zero. Substituting this into (20) gives

iedr = 0. (23)

Plugging (23) into (21) and (22) gives

ψe
dr = |ψr| = Lmi

e
ds (24)

ψe
ds = Lsi

e
ds. (25)

From Fig. 4, ψe
ds and ieds can be written in terms of θsr as shown

below:

ieds = iscos θsr. (26)

ψe
ds = ψscos θsr (27)

Substituting (26)–(27) into (24)–(25) gives the relationship be-
tween the stator and rotor flux linkages as given in the following:

ψr = ψs
Lm

Ls
cos θsr. (28)

Typical values of Lm

Ls
and cos θsr are in the range of 0.97 to

0.99 and 0.98 to 0.99, respectively [35], [36] and hence, the
magnitude of stator and rotor flux-linkages can be assumed to
be constant and equal in any particular switching time period
(|ψs| ≈ |ψr|).

Since θsr is very small, sin(θsr) is approximated to θsr.
Therefore, (1) and (11) can be simplified and used to determine
θsr and θ∗sr as given below:

θsr =
T

k|ψ2
s |

(29)

θ∗sr =

(
T ∗

k|ψ∗
s|2
)

(30)

where

k =
3

2

P

2

Lm

σLsLr
. (31)

C. Proposed Drive Scheme

To compute θsr, the instantaneous machine torque T needs to
be determined, which can be calculated as follows:

T =
3

2

P

2
(iqsψds − idsψqs) (32)

where ids and iqs are the direct and quadrature axis components
of stator currents in the stationary reference frames. Solving (19)
by plugging in θsr and θ∗sr from (29)–(30) gives

θ∗s =
1

k

(
T ∗

|ψ∗
s|2

− T

|ψs|2
)
+ θs. (33)

The value of k given in (31) depends on the rotor flux-
linkage, magnetizing and leakage inductances of stator and rotor
windings. In this control scheme, the value of k is estimated
approximately without using any motor parameters. For a typical
value of θsr, and for the rated stator flux-linkage and torque,
the value of “k” can be determined using (29). If the value
of k estimated using (29) is greater than the actual value, θ∗s
becomes less than needed [refer (33)], which decreases θsr and
machine torque [refer (1)]. Reduction in machine torque increase
the speed error and necessitates a rise in PI controller output
(reference torque T ∗). The increase in T ∗ finally increases θ∗s
and vice versa. Therefore, any error in the estimation of k value
due to the aforementioned simplifying assumptions are nullified
by the PI controller.

Based on the above discussion, the control strategy is modified
as shown in Fig. 5. The proposed control scheme avoids the use
of rotor parameters for its implementation and operates with a
single PI controller. The parameters and blocks shown in red
color in Fig. 2 are not used in this control, which makes the
parameter dependence of the proposed drive similar to that of
the conventional DTC scheme. Moreover, the proposed con-
trol logic uses carrier-based space vector modulation technique
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Fig. 5. Control strategy of the proposed drive.

Fig. 6. Gate pulse generation using CSVPWM technique. (a) Generation of modulating signal V ∗
am. (b) Generation of PWM gate signals of phase-A. (c) Space

vector diagram

(CSVPWM) instead of conventional space vector modulation as
follows:

The direct axis and quadrature axis components of reference
voltage in the stationary reference frame V ∗

ds and V ∗
qs are calcu-

lated using (13)–(14). Now, two-phase to three-phase transfor-
mation is carried out to get three-phase reference voltages (V ∗

as,
V ∗
bs and V ∗

cs)

V ∗
as = V ∗

ds (34)

V ∗
bs =

−V ∗
ds +

√
3V ∗

qs

2
(35)

V ∗
cs =

−V ∗
ds −

√
3V ∗

qs

2
. (36)

For example, assume the rated stator flux-linkage of the machine
is |ψ∗

s|= 1 Vs, actual stator flux-linkage magnitude |ψs|= 0.95
Vs, DC rail voltage, Vdc = 600 V, θs = 28◦, θ∗s = 30◦, and
sampling time Δt= 0.25 ms. By using (13)–(14), the reference
value of voltage vectors in the direct and quadrature axis in
stationary reference frame is found to be V ∗

ds = 109 V and V ∗
qs

= 216 V. Inverse Clarke’s transformation as shown in (35)–(37)
can be used to determine the three-phase reference voltages V ∗

as

=109 V, V ∗
bs = 133 V, and V ∗

cs = −242 V.
These three-phase reference voltages are utilized to generate

CSVPWM pulses as follows. A triple-n harmonic signal Vcm

(common mode voltage) is added to the reference voltage to
generate the modulating signals for CSVPWM [29], [37]. The
modulating signal and common mode voltage are shown in
Fig. 6(a). Equations (37)–(39) are used for the generation of
Vcm from the three-phase reference voltages

Vcm =
−(Vmax + Vmin)

2
(37)

where

Vmax = max(V ∗
as, V

∗
bs, V

∗
cs) (38)

Vmin = min(V ∗
as, V

∗
bs, V

∗
cs). (39)

The modulating signals of each phase is given by

V ∗
xm = Vxs + Vcm, where x = a or b or c. (40)

Modulating signals of each phase, after suitable scaling to the
carrier level, are then compared with a high-frequency triangular
carrier wave [see Fig. 6(b)]. The space vector and the locus of
the resultant voltage space vector during steady state are shown
in Fig. 6(c).

Compared to conventional space vector modulation tech-
nique, there is no need for sector identification and trigonometric
mathematical computations to generate the switching pulses.
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Fig. 7. Phase current waveform of the proposed drive during speed reversal
from 150 rd/s to −150 rd/s at no-load for a switching frequency of 4 kHz.

Fig. 8. Stator flux-linkage and rotor flux-linkage trajectories in the stationary
reference frame at no load. (a) Stator flux-linkage. (b) Rotor flux-linkage.

IV. SIMULATION RESULTS

The performance of the proposed scheme is verified using
MATLAB simulations, which is carried out at a switching fre-
quency of 4 kHz. Fig. 7 shows the speed and current transients of
the proposed drive when a speed reversal command is executed
at 0.5 s. It can be seen that the speed is reversed smoothly
from 150 rd/s to −150 rd/s at no load in 320 ms without any
appreciable transients in stator current. Fig. 8(a) and (b) shows
the trajectory of the stator and rotor flux-linkage vectors of
the proposed drive. Both stator and rotor flux-linkage vectors
have uniform circular trajectory without noticeable ripples.Figs.
9 and 10 show the three-phase stator current waveforms of
classical DTC and DTC-SVPWM [13] schemes respectively,
for an average switching frequency of 4 kHz. The stator current
total harmonic distortion (THD) of traditional DTC scheme is
24.2% and for the scheme in [13] it is found to be 5.1%. Fig. 11
shows the three-phase stator current waveform of the proposed
drive. The current THD of the proposed scheme is found to be
the same as that of drive scheme in [13]. Fig. 12 shows the torque
waveform of the classical DTC scheme, which has a peak ripple
magnitude of 40% of the load torque for an average switching

Fig. 9. Three-phase stator current waveforms of the conventional DTC drive
for a load torque of 10 Nm and average switching frequency of 4 kHz.

Fig. 10. Three-phase stator current waveforms of the scheme in [13] drive for
a load torque of 10 Nm and switching frequency of 4 kHz.

Fig. 11. Three-phase stator current waveforms of proposed drive for a load
torque of 10 N_m and switching frequency of 4 kHz.

Fig. 12. Torque versus time (Classical DTC scheme).

frequency of 4 kHz. The torque ripple of the scheme in [13]
and that of the proposed drive are shown in Figs. 13 and 14,
respectively. The peak torque ripple magnitude is found to be
8% of the load torque in both the schemes.

The FFT analysis of stator currents for three schemes (clas-
sical DTC, drive scheme in [13] and proposed drive) and for
different load torques are depicted in Fig. 15. Their peak torque
ripple magnitudes for different loads and switching frequencies
are plotted in Figs. 16 and 17. Varying the load has no significant
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Fig. 13. Torque versus time (DTC-SVPWM scheme in [13]).

Fig. 14. Torque versus time (Proposed drive).

Fig. 15. THD versus load ((Blue line: Scheme in [13], Red line: Proposed
drive, Green line: Classical DTC).

effect on the torque ripple. However, increasing the switching
frequency reduces the torque ripple. Figs. 15–17 shows that the
proposed drive and drive DTC-SVPWM (scheme in [13]) have
similar characteristics in terms of torque ripple and current THD.

V. HARDWARE RESULTS

A 2 HP, 415 V, 50 Hz, 4 Pole, 1420 RPM three-phase induc-
tion motor is used to realize the hardware with the help of a
TMS320F28335 DSP processor. The inverter, microcontroller
unit (MCU), and motor specifications are given in Table I. The
inverter is operated at a switching frequency of 4 kHz. Motor
speed is sensed using a 10-bit encoder. LA-55P and LV-20P

Fig. 16. Torque ripple versus Load (Blue line: Scheme in [13], Red line:
Proposed drive, Green line: Classical DTC).

Fig. 17. Torque ripple versus switching frequency (Blue line: Scheme in [13],
Red line: Proposed drive, Green line: Classical DTC).

TABLE I
INVERTER, MCU, AND MOTOR SPECIFICATIONS
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TABLE II
PROGRAM EXECUTION TIME FOR DIFFERENT SCHEMES

Fig. 18. Low-cost optocoupler based voltage sensor.

sensors are used to sense the current and voltage, respectively.
A second-order Butterworth low-pass filter based on a high slew
rate Op-Amp MC34074 filters the feedback voltage and current.
To calculate the phase voltages of the machine, only dc link
voltage is sensed. The method of calculating phase voltages from
dc link voltages is given in [38].

Instead of expensive hall effect-based voltage transducers
to provide galvanic isolation, voltage sensors based on linear
optocouplers may also be used [39]. As the proposed scheme
computes pole voltages using the dc rail voltage measurement,
the bandwidth requirement of the voltage sensor is less stringent
and hence, an extremely low-cost dual optocoupler based voltage
sensor as presented in Fig. 18 may be used in low-cost applica-
tions. One issue with optocoupler based voltage sensors is the
drift in the current transfer ratio (CTR) with temperature, which
is nullified by negative feedback. The operational amplifier in
the circuit will try to keep the voltages at its input terminals equal
and any increase in voltage due to CTR drift at the output of the
first optocoupler gets nullified due to a corresponding reduction
in the light emitting diode current of the second optocoupler so
that the measured voltage (Vsens) is precise and less affected
by CTR changes. The experiments when repeated with this
low-cost alternative yield similar results. A photograph of the
experimental setup is shown in Fig. 19.

The speed reversal characteristics of the motor when the speed
changes from +1000 r/min to −1000 r/min is shown in Fig. 20.
The motor speed is estimated by the DSP processor using en-
coder pulses and is outputted by the digital to the analog module
of the controller. The speed reversal command is given at instant
“A” using a rate limiter having a slope of 800 rpm/s. The speed
reversal operation completes at instant B. The speed reversal
occurs smoothly without any significant transient overshoot or
undershoot in current.

Fig. 19. Experimental setup.

Fig. 20. Speed reversal characteristics with a rate limiter of slope 800 rpm/s
is used to give the speed command (First Trace: Motor speed, Second Trace:
Stator current of Phase-A).

Fig. 21. Motor starting characteristics with a rate limiter of slope 300 rpm/s is
used to give the speed command (First Trace: Pole voltage of Phase-A, Second
Trace: Phase-A phase voltage, Third Trace: Stator current of phase-A, Fourth
Trace: Reference speed).

The pole voltage, phase voltage, and the stator current of the
machine during the starting transient with and without a rate
limiter for speed command are shown in Figs. 21 and 22, respec-
tively. Fig. 21 demonstrates the smooth and slow acceleration of
the machine during starting from rest to 750 r/min. In Fig. 22, the
motor response is made quicker by removing the rate limiter for
speed command. The pole voltage, phase voltage, and current
reaches its steady state in less than 100 ms, which shows the fast
response of the proposed drive scheme to the speed command.
The peak overshoot in current is less than 2.5 times the rated
current of the motor. The pole voltages are measured using high
voltage differential voltage probes (Tektronics P5200 A) and the
phase voltage is computed [38] and outputted using the digital
to analog port of the controller. The stator currents are measured
using current probes (Tektronics A621).

The stator current of traditional DTC scheme for an average
switching frequency of 4 kHz is shown in Fig. 23(a). The average
switching frequency is calculated using the DSP processor by
counting the number of switch transitions in each second. It can
be observed that the current ripple is quite high (45.67% THD)
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Fig. 22. Motor starting characteristics without using a rate limiter to give the
speed command (First Trace: Reference speed, Second Trace: Pole voltage of
Phase-A, Third Trace: Stator current of phase-A, Fourth Trace: Phase-A phase
voltage).

Fig. 23. Stator current of phase-A for (a) conventional DTC, (b) DTC-
SVPWM [13] and (c) proposed drive.

even at an average switching frequency of 4 kHz. To achieve
this switching frequency, the sampling rate of the processor
needed is 40 kHz. Higher switching frequency corresponds to
faster control action which calls for higher sampling rate; and
a low program execution time will help to achieve this. The
stator current waveforms of the DTC-SVPWM [13] and the
proposed drive in this article for a switching frequency of 4 kHz
are shown in Figs. 23(b) and (c), respectively. The THD of
the stator current of the proposed drive is found to be 7.31%
which is almost the same as that of the DTC-SVPWM scheme
(7.35%). The THD of all the schemes are determined by taking
the experimental data points and analyzing it using MATLAB
software. The steady-state percentage torque ripple magnitude
of the conventional DTC scheme is 50.2% [see Fig. 24(a)]. For
the DTC-SVPWM (scheme in [13]) and for the proposed drive
scheme, the percentage torque ripple magnitude at steady state
is found to be almost the same at 12.4% and 12.2% [Fig. 24(b)
and (c)], respectively.

Equation (33) is derived based on the assumption that the
angle between stator and rotor flux linkage space vector θsr is
very small as mentioned in Section III-C. However, the small

Fig. 24. Steady-state torque ripple for a load of 5 N · m (a) conventional DTC,
(b) DTC-SVPWM [13], and (c) proposed drive.

angle approximation is valid upto about 20◦ and to get a fast
torque response θ∗sr should be as high as maximum during
transients, approaching 90◦. However, this can affect the torque
ripple during transients. Thus, there is a tradeoff between fast
response and torque ripple during transients. When the machine
approaches steady-state operation, θ∗sr comes down to a small
value due to the action of PI controller.

Fig. 25 shows the torque and speed tracking for the con-
ventional DTC, DTC-SVPWM [13] and the proposed drive.
Initially, the speed command is changed from 0 to 750 r/min
and then to -750 r/min afterward with a load torque of 5Nm. To
show the quick torque and speed response, these waveforms are
taken without any rate limiter. For conventional DTC scheme,
machine starting time is 66 ms and the speed reversal time is
122 ms. The proposed scheme accelerates the machine in 77 ms
and completes the speed reversal in 128 ms. In DTC-SVPWM,
the machine takes 80 ms to accelerate and 130 ms for speed
reversal.

Stator flux-linkage of the machine for a speed of 1000 r/min
is shown in Fig. 26, which is computed based on (3) and (4).
Fig. 26(a) shows the stator flux-linkage waveform and the corre-
sponding circular trajectory is given in Fig. 26(b). It can be noted
that the stator flux follows a near-circular trajectory with low
distortion. To show the flux estimation accuracy at low speeds,
the stator flux trajectory, the speed and the current waveforms for
different low frequency operations (1 Hz, 1.75 Hz and 5 Hz) are
shown in Fig. 27. Satisfactory performance is obtained even at
a very low speed of 1 Hz. The flux vector maintains the circular
locus with the flux vector magnitude almost constant without
much ripple. When the frequency increases to above 5 Hz, the
current and flux vector trajectory have very good accuracy.

The program execution time is 20μs for the conventional DTC
whereas the program execution time taken by DTC-SVPWM
and proposed schemes are 33μs and 24μs, respectively (refer
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Fig. 25. Torque and speed tracking without using a speed rate limiter for a
load torque of 5 N · m (a) conventional DTC, (b) DTC-SVPWM [13], and
(c) proposed drive.

Fig. 26. Stator flux-linkage waveforms of proposed drive (33 Hz). (a) Stator
flux-linkage in stationary reference frame (b) Stator flux-linkage space vector
trajectory.

Table II). This indicates 27% lower computational time for
the proposed method compared to DTC-SVPWM. Though, the
execution time is slightly higher compared to the conventional
DTC scheme, the current ripple performance and torque ripple
performance (Figs. 23 and 24) are much inferior in the classical
DTC scheme for the same average switching frequency. If the
torque ripple performance of the classical DTC needs to be
improved, a much higher sampling rate will be needed which

Fig. 27. Speed, current and stator flux trajectory for low speed operation
(a) 1 Hz operation, (b) 1.75 Hz operation and (c) 5 Hz operation.

will necessitate high performance (high cost) MCU whereas for
the proposed method, lower sampling rate is sufficient due to
constant switching frequency SVPWM.

VI. CONCLUSION

A new control scheme for carrier-based space vector mod-
ulated DTC drive has been developed based on the machine
model. The proposed drive scheme requires only a single PI con-
troller, the control scheme is independent of rotor parameters,
and no rotor flux computation is needed. More importantly, all
mathematical computations are done in the stationary reference
frame, which considerably reduce the computational efforts.
A carrier-based space vector modulation is used for SVPWM
which further simplify the calculations involved and gives very
good steady-state performance. Simulation and hardware results
on a 2 HP, 415 V three-phase induction motor drive have been
presented to validate the effectiveness of the proposed drive
scheme. Comparison between the proposed and conventional
DTC-SVPWM drive show that the performance of both the
proposed and conventional scheme are similar in terms of torque
and current THD. However, the control scheme of the proposed
drive is intuitive, much easier to implement, computational time
is reduced by 27% and uses less number of motor parameters.
A low cost optocoupler based voltage sensor is also presented
to reduce the overall cost of the system.
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