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Abstract—A torque control scheme, based on a direct torque
control (DTC) algorithm using a 12-sided polygonal voltage space
vector, is proposed for a variable speed control of an open-end in-
duction motor drive. The conventional DTC scheme uses a stator
flux vector for the sector identification and then the switching vec-
tor to control stator flux and torque. However, the proposed DTC
scheme selects switching vectors based on the sector information
of the estimated fundamental stator voltage vector and its relative
position with respect to the stator flux vector. The fundamental
stator voltage estimation is based on the steady-state model of IM
and the synchronous frequency of operation is derived from the
computed stator flux using a low-pass filter technique. The pro-
posed DTC scheme utilizes the exact positions of the fundamental
stator voltage vector and stator flux vector to select the optimal
switching vector for fast control of torque with small variation of
stator flux within the hysteresis band. The present DTC scheme
allows full load torque control with fast transient response to very
low speeds of operation, with reduced switching frequency varia-
tion. Extensive experimental results are presented to show the fast
torque control for speed of operation from zero to rated.

Index Terms—Adjustable speed drives, direct torque control,
harmonics eliminations, induction motor drives.

I. INTRODUCTION

E LECTRICAL vehicle applications require frequent torque
control to adjust the speed of a vehicle. This has resulted in

the need for a control scheme with high performance, fast tran-
sient, and accurate control of torque for an induction motor drive.
The two most popular schemes for this are the vector control and
the direct torque control (DTC) [1], [2]. The DTC schemes pro-
posed by [3], and [4] (as a direct self-control) have several vari-
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ations to the original structure, such as to overcome the inherent
disadvantages in any hysteresis-based controller with variable
switching frequency, high sampling requirement for digital im-
plementation, and high torque ripple [5]–[11] Recently, predic-
tive control strategy [12]–[14], dithering technique [15], sliding
mode control [16], fuzzy logic control [17], and support vector
machine (SVM) [10], [18]–[20] have found applications in mo-
tor drives. Furthermore, the use of these control schemes during
a large step change in torque command does not guarantee the
fastest torque response.

During large torque demand, it is inevitable that the stator
voltage reference exceeds the voltage vector limits enclosed by
the hexagonal boundary. Under this condition, the SVM has
to be operated in what is termed as dynamic over modulation
mode. These methods have managed to minimize the voltage
vector error as well as obtain a fast torque response; however, the
majority of them do not guarantee the fastest torque response.

In all hysteresis-based DTC, the hexagonal-based voltage
vectors are selected for torque control. This paper proposes
a DTC scheme for an IM drive using a 12-sided polygonal
space vector-based inverter with estimated fundamental stator
voltage vector for sector identification. In this paper, the sector
information for an inverter output is selected with computed
fundamental stator voltage. At low speed, stator resistance drop
becomes very dominant and the fundamental stator voltage can
be in any of the sectors between 0◦ and 90◦ with respect to the
stator flux vector. In the proposed scheme, the flux and torque
control based on the new sector selection technique (at a very
low speed of operation) with an appropriate switching table
are also presented. The present DTC scheme has an increased
modulation range with reduced hysteresis switching frequency
variation and allows the full load torque control with fast tran-
sient response to a very low speed below 5 Hz. This scheme can
be applied easily to an electrical vehicle application due to fast
torque control for full range of speed from zero to rated in both
directions of rotation.

II. PRINCIPLE OF DIRECT TORQUE CONTROL OF AN

INDUCTION MOTOR

The electromagnetic torque in the three-phase induction ma-
chine can be expressed as follows:

Td =
2
3

P

2
Lm

LsLr − L2
m

�ψs × �ψr (1)
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where �ψs and �ψr are the stator and rotor flux vectors (both
fixed to the stationary reference frame which is fixed to the A-
phase axis of a stator), Lm is the magnetizing inductance, Ls is
the stator inductance, Lr is the rotor inductance, and P is the
number of poles.

Equation (1) can be modified and expressed as

Td =
2
3

P

2
Lm

LsLr − L2
m

∣
∣
∣�ψs

∣
∣
∣

∣
∣
∣�ψr

∣
∣
∣ sin (ρs − ρr ) (2)

where ρs is the stator flux angle and ρr is the rotor flux angle,
both referred to the horizontal axis of the stationary frame fixed
to the stator. It is well known that, by keeping the stator flux
magnitude constant, the electromagnetic torque can be rapidly
changed and controlled by means of changing the angle (ρs −
ρr ) [21].

III. DTC OF AN INDUCTION MOTOR USING THE

FUNDAMENTAL STATOR VOLTAGE FOR SECTOR IDENTIFICATION

The DTC scheme for an induction motor drive is presented
here with modification in a sector selection process, using the
fundamental stator voltage vector for sector identification. The
proposed DTC scheme also uses a 12-sided polygonal voltage
space vector-based inverter [22] for control. A better torque
control can be achieved using 12-sided polygonal space vec-
tors compared to a conventional hexagonal space vector. The
conventional DTC scheme, using a hexagonal voltage space
vector [3], [4], uses the stator flux vector for sector identifica-
tion and switching vector located around 90◦ (i.e., orthogonal)
to stator flux vector for controlling stator flux and torque. But
the stator flux and fundamental stator voltage vector will not
always be orthogonal, especially at low speeds of operation.
The fundamental stator voltage for an induction motor can be
written as

�vs,f = Rs
�is,f + jωs

�ψs. (3)

From (3), it can be noted that at low speeds of operation the drop
due to a stator resistance is larger than the drop due to a stator
flux. So, the stator resistance drop cannot be ignored for low
frequency of operation (typically below 5 Hz). At low speeds,
the angle between the stator flux vector and the fundamental
stator voltage vector is less than 90◦ and this angle decreases
as the frequency or operation decreases toward zero. Hence, the
orthogonal switching vector selection based on the stator flux
vector position is not valid for low frequencies of operation.
In this paper, the proposed DTC scheme selects the switching
vector based on the present sector of the fundamental stator
voltage vector and current states of the flux hysteresis controller
and the torque hysteresis controller. This scheme of switching
vector selection based on the fundamental stator voltage vector
position rather than the stator flux vector position allows torque
control down to a very low speed (i.e., below 1 Hz) of operation.
The relative positions of the stator flux vector and fundamental
stator voltage vector (sector information) are used to select the
switching vector for the present DTC scheme. This is defined
using the scalar product of two vectors. The value of the scalar
product is assigned using variable γ (see Section III-D). The

Fig. 1. Control scheme of DTC with the fundamental stator voltage vector
for sector identification using 12-sided polygonal space vector-based open-end
induction motor drives.

fundamental stator voltage vector is estimated using the standard
steady-state model for the machine.

A. Power Circuit and Control Scheme With the Fundamental
Stator Voltage Vector-Based DTC

The basic block diagram of the direct torque-controlled in-
duction motor drive using a fundamental stator voltage vector
is presented in Fig. 1. The main blocks of the control scheme
are torque comparator, flux comparator, optimal switching logic
and fundamental stator voltage vector estimator, and stator volt-
age sector selection. The main difference in the control scheme
here is in the calculation of the fundamental stator voltage vector
and then in the selection of the sector. The inputs to the sector
selection block are vsα,f and vsβ ,f in place of ψsα and ψsβ .
The values of the stator flux and torque are estimated using a
stator voltage and torque equation of an induction motor model,
respectively. The values of the stator current and stator voltage
vectors are taken from measurements of two-phase currents and
dc-link voltages of inverter-1 and inverter-2.

Shaft speed is sensed with an encoder and the reference torque
T ∗

d is derived from the speed controller output. The flux refer-
ence is also given directly as an input signal and the torque and
flux references are compared with the estimated values of torque
and stator flux magnitudes to find hysteresis controller states.
Control signals for the generation of switching signals for both
inverters are produced by using a two-level hysteresis control
for a stator flux error and a three-level hysteresis control for a
torque error. Optimum switching is determined for every con-
trol cycle based on the states of flux hysteresis controller, torque
hysteresis controller, and present sector information of the fun-
damental stator voltage vector and relative position of stator
flux, using optimal switching table. There are four switching
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Fig. 2. Resultant 12-sided polygonal space vector positions of the combined
inverters and sector identification.

tables based on the relative position of a stator flux with respect
to the fundamental stator voltage, for various speeds down to
zero. There are six possible conditions for selection of a switch-
ing vector based on states of stator flux hysteresis controller
and torque hysteresis controller for each sector of fundamental
stator voltage position in each switching table and there are 12
sectors for the position of the fundamental stator voltage vec-
tor. The switch references (SA , SB , SC ) and (SA ′ , SB ′ , SC ′ ) for
the inverter power module are the outputs of switching logic
as shown in Fig. 1. The information of the states of the power
switches are used in the calculation of the actual voltage vector
for the estimation of stator flux.

The power circuit is realized with a standard two-level inverter
power module as shown in Fig. 1. Both inverters are fed from
a three-phase rectifier through an isolation transformer to avoid
common mode current. The voltage ratio of the two dc-link
sources is 1:0.366 to generate the vector location of a 12-sided
polygonal voltage space vector [22]. The resultant 14 voltage
space vectors with respective switching states of inverter-1 and
inverter-2 are shown in Fig. 2. Out of 14 voltage space vectors,
�V1 , �V2 , . . . ,�V12 are the active voltage vectors, and �V13 and �V14
are the zero voltage vectors [22].

B. Estimation of Stator Flux �ψs , Electromagnetic Torque Td ,
and Hysteresis Controller for Stator Flux and Torque

The torque and stator flux are estimated using the sensed
dc-link voltage and stator currents. The equation for stator flux
estimation is given as

�ψs =
∫ (

�VK − Rs
�is

)

dt (4)

where �ψs = (ψsα + jψsβ ) is the estimated stator flux vector,
�VK = (VK α + jVK β ) is the instantaneous voltage space vector
from an inverter, and�is = (isα + jisβ ) is the stator current.

For flux estimation, the ideal method is integration, but the
disadvantages of open integration have been addressed many
times in the literature [23]–[26]. The structure for the stator flux
estimation scheme is given in Fig. 3. In the block diagram of
Fig. 3, if ψ∗

sα is made zero, the estimation scheme behaves like
an low pass filter (LPF) and introduces phase and magnitude

Fig. 3. Block diagram for realization of stator flux estimation.

error. However, the estimation scheme behaves like a high-pass
filter for any dc drift occurring at the integrator output.

The components’ α- and β-axis stator flux positions are de-
rived as

cos (ωst) = cos ρs =
ψsα

√

ψ2
sα + ψ2

sβ

(5)

sin (ωst) = sin ρs =
ψsβ

√

ψ2
sα + ψ2

sβ

. (6)

The values of ψ∗
sα and ψ∗

sβ have to be calculated for the decaying
effect. The values of ψ∗

sα and ψ∗
sβ can be expressed as ψ∗

sα =
|ψ∗

s | cos ρs and ψ∗
sβ = |ψ∗

s | sin ρs .
The estimation of stator flux as in (4) uses the induction mo-

tor stator resistance Rs . The variation of these parameters is
needed to be considered for accurate control of a drive. For
stator resistance adaptation, one of the well-proven stator pa-
rameter adaptation schemes from the literature can be easily
implemented in the present scheme, with suitable modifications
to fit into the present scheme [23], [25], [27], [28].

The torque is estimated as

Td =
2
3

P

2
(ψsαisβ − ψsβ isα ) . (7)

The reference value of the stator flux magnitude |�ψs |∗ is com-
pared with that of the estimated flux magnitude, and the error
εψs is used to determine the next states of the flux hysteresis
controller as

εψs =

⎧

⎨

⎩

0 for
∣
∣
∣�ψs

∣
∣
∣ ≤

∣
∣
∣�ψs

∣
∣
∣

∗
− |Δψs |

1 for
∣
∣
∣�ψs

∣
∣
∣ ≥

∣
∣
∣�ψs

∣
∣
∣

∗
+ |Δψs | .

(8)

For speed control mode of operation, the rotor reference speed
ω∗

m is compared with the feedback speed ωm and this error is
converted into the reference torque T ∗

d by a speed PI controller
as shown in Fig. 1. The mechanical speed is derived using an
encoder.

The reference torque T ∗
d is compared with the estimated

torque Td and the torque error obtained is fed to a three-level
hysteresis comparator. The torque error εTd determines the next
states of the torque hysteresis controller as follows.

For counter clockwise rotation

εTd =
{

1 forTd ≤ T ∗
d − ΔTd

0 for Td ≥ T ∗
d + ΔTd.

(9)

For clockwise rotation

εTd =
{

0 for Td ≤ T ∗
d − ΔTd

−1 for Td ≥ T ∗
d + ΔTd.

(10)
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Fig. 4. Estimation of synchronous frequency ωs using a low-pass filter with
cutoff frequency fc .

C. Estimation of the Fundamental Stator Voltage Vector �vs,f

and the Identification of a Sector

For the steady-state condition, the stator voltage equation can
be written as

�vs = Rs
�is + jωs

�ψs. (11)

Here, the stator flux vector can be estimated and the stator
current vector can be sensed directly using a current sensor.

It is possible to estimate synchronous frequency ωs using the
estimated stator flux vector [29]. The block diagram of syn-
chronous frequency ωs estimation using the estimated stator
flux �ψs is shown in Fig. 4.

The cos(ωs t) and sin(ωs t) signals are passed through the filter
[28]. The transfer function of the low-pass filter is

G(s) =
1

sTc + 1
where Tc = filter time constant. (12)

Equation (12) can be written in terms of frequency ω and
complex form as

G(s) =
1

1 + jωTc
= |G(s)| � φ = X + jY (13)

where jω = s = complex frequency, |G(s)| = 1/
√

1 + ω2T 2
c ,

φ = − tan−1 ωTc , X = 1/1 + ω2T 2
c , and Y = −ωTc/1 +

ω2T 2
c .

The output signals and input signals of the low-pass filter are
used to calculate cosφ and sinφ (see Fig. 4)

[cos (ωst) A cos (ωst − φ) + sin (ωst) A sin (ωst − φ)]

= A cos φ (14)

[sin (ωst) A cos (ωst − φ) − cos (ωst) A sin (ωst − φ)]

= A sin φ. (15)

Now dividing (14) by (15) yields [28]

Asinφ

A cos φ
= ωsTc and ωs =

1
TC

A sin φ

A cos φ
.

The value of the filter time constant Tc in the proposed DTC
scheme is taken as 15.92 ms.

Finally, the fundamental stator voltage vector�vs,f is estimated
using (11) as

�vs,f = vsα,f + jvsβ ,f = Rs (isα + jisβ ) + jωs (ψsα + jψsβ )

(16)

�vs,f = vsα,f + jvsβ ,f

= (Rsisα − ωsψsβ ) + j (Rsisβ + ωsψsα ) . (17)

The 12 active voltage space vectors divide the whole cycle
equally into 12 sectors (see Fig. 2).The sector information of
the fundamental stator voltage vector �vs,f is determined using
the unit vector of the estimated fundamental stator voltage vector
as

cos θs =
vsα,f

√

v2
sα,f + v2

sβ ,f

, sin θs =
vsβ ,f

√

v2
sα,f + v2

sβ ,f

(18)

where θs is the angle of the fundamental stator voltage vector
with respect to the α-axis (see Fig. 2). The values of unit vec-
tor components will lie between particular values that define a
sector as given in Fig. 2.

D. Switching Strategy for the DTC Scheme and an Optimum
Switching Table

When an induction motor is fed from a voltage source inverter,
where its output voltage space vector is defined as �VK , the stator
voltage equation with a stator resistance drop neglected can be
rewritten as

�VK =
d�ψs

dt
. (19)

Here, K can have a value either of 1,2,. . .,14 (see Fig. 2).
For the output voltage space vector of duration Δt, the change

in the stator flux vector will be given as

Δ�ψs = �VK Δt. (20)

But the change in magnitude is proportional to the voltage space
vector and its time duration.

For different inverter active vectors, the stator flux vector
moves by a small amount in the direction of the inverter voltage
space vector as shown in Fig. 5. These result in the change of
slip speed which in turn changes the torque as well as changes
the length of the stator flux vector. For the present condition
shown in Fig. 5, the advanced active space vector (i.e., one of
voltage space vectors from �V1 to �V6) from the present position
of the stator flux increases the angle (ρs−ρr ) as in (2). Hence,
the torque increases due to an increase in slip speed. However,
the trailing active vector (i.e., one of voltage space vectors from
�V7 to �V12) decreases the angle (ρs−ρr ) and the torque decreases
due to a decrease in slip speed. And the active vector at an angle
of more than 90◦ (i.e., one of voltage space vectors from �V4 to
�V9) with respect to the present position of the stator flux vector
will result in decrement of stator flux vector length regardless
of the position of the fundamental stator voltage vector. Hence,
the nearest active vectors at an angle of more than 90◦ with
respect to the present position of a stator flux vector are always
needed for decrement in magnitude of a stator flux vector. But
the position of the fundamental stator voltage vector will not
be around orthogonal for all operating conditions as can be
concluded from (11). The position of the fundamental stator
voltage vector will be less than 90◦ for low speeds of operation.

Hence, the present DTC scheme selects a switching vector
according to the present sector information of the fundamental
stator voltage vector for torque control. But the switching vec-
tors’ positions at an angle of more than 90◦ with respect to the



404 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 1, JANUARY 2012

Fig. 5. Effect of the voltage space vector on stator flux for the relative position
of the fundamental stator voltage vector and stator flux vector in segment-1 [for
90◦ ≤ χ < 75◦ (0 ≤ γ < 0.2588)].

stator flux vector are always selected for flux control, for all
speeds of operation.

The relative position of the fundamental stator voltage vector
and stator flux vector is calculated using the scalar product (i.e.,
DOT product) of unit vectors of the fundamental stator voltage
vector and stator flux vector. The unit vector of the stator flux is
calculated using (5) and (6). The unit vector of the fundamental
stator voltage vector is calculated using (18). The scalar product
of two unit vector is defined as

ψ̂s · v̂s,f = (cos ρs + j sin ρs) · (cos θs + j sin θs)
∣
∣
∣ψ̂s

∣
∣
∣ |v̂s,f | cos (χ) = (cos ρs + j sin ρs) · (cos θs + j sin θs)

(21)

where ψ̂s (=cos ρs + j sin ρs ) is the unit vector of the stator
flux �ψs , v̂s,f (=cos θs + j sin θs) is the unit vector of the fun-
damental stator voltage �vs,f , and χ is the angle between ψ̂s and
v̂s,f .

Hence, (21) can be written with a unit vector as

ψ̂s · v̂s,f = cos (χ) = cos ρs cos θs + sin ρs sin θs. (22)

Now, the relative position of the voltage vector and stator flux
vector can be defined with variable γ as shown in

γ = cos (χ) = cos ρs cos θs + sin ρs sin θs. (23)

The maximum possible angle χ can be of 90◦ when the stator
resistance drop is negligible or zero (high speeds of operation)
compared to the voltage drop due to the stator flux (11). Hence,
the value of γ for the maximum and minimum angles is 0 and 1,
respectively. This range of the maximum and minimum angles
between the fundamental stator voltage vector and the stator
flux vector is divided into four segments as given in Table I.
And the switching strategy is decided for each segment so that
fast control of torque is possible and stator flux could be kept
within the hysteresis band.

Fig. 5 shows one of the possible conditions of angle χ for
counterclockwise rotation (i.e., forward direction) when the sta-
tor flux vector lies just above the α-axis. The position of the

TABLE I
RANGE OF ANGLE χ FOR SEGMENTS DEFINING THE RELATIVE POSITION OF

THE STATOR FLUX VECTOR

fundamental stator voltage vector will change for different seg-
ments with the fixed position of the stator flux vector. For the
stator flux vector fixed just above the α-axis (see Fig. 5), the
fundamental stator voltage vector will be positioned in sector S4
for segment-1, sector S3 for segment-2, sector S2 for segment-3,
and sector S1 for segment-4. The switching strategy of all four
segments is decided such that it produces fast torque control
and minimum effect in the stator flux. The switching vectors
which form sector should be selected to control torque and sta-
tor flux as far as possible for the present sector information of
the fundamental stator voltage vector.

For the position of Segment-1, the fundamental stator voltage
vector positioned approximately orthogonal to the stator flux
vector due to a small stator resistance drop as shown in Fig. 5.
For the present condition, the most appropriate switching vectors
are vector �V3 and vector �V4 . These two vectors form sector S4 as
shown in Fig. 5. In general, it can be concluded for a segment-1
type of condition that the switching voltage vector which forms
the sector needs to be selected to control both torque and stator
flux.

For the position of Segment-2, the fundamental stator voltage
vector is positioned in sector S3 for the stator flux vector fixed
just above the α-axis (see Fig. 5), which is not orthogonal to the
stator flux vector. The present condition is due to comparable
stator resistance drop. For the present condition, vectors �V3 and
�V2 are not the most appropriate switching vectors because both
vectors will produce the torque but they will also increase the
length of the stator flux vector. Hence, one of vectors �V3 and
�V2 can be selected for torque control but some other switching
vectors need to be selected to control torque as well as decrease
the length of the stator flux vector. So, a vector at an angle
of more than 90◦ is selected to control torque and decrease
the length of the stator flux vector. Thus, the switching vectors
selected are vectors �V2 and �V4 for torque and stator flux control,
respectively.

For the position of Segment-3, the fundamental stator voltage
vector is positioned in sector S2 which is also not orthogonal
to the stator flux vector fixed just above the α-axis (see Fig. 5).
The present condition is due to a large effect of stator resistance
drop compared to voltage drop due to the stator flux. For the
present case, the switching vectors selected are vector �V2 and
vector �V4 for torque and stator flux control, respectively, same
as the switching strategy explained for segment-2.

For the position of Segment-4, the fundamental stator voltage
vector is positioned in sector S1 where the stator flux vector
is fixed just above the α-axis (see Fig. 5). The present condi-
tion is possible because the effect of stator flux voltage drop
is negligible or zero. The fundamental stator voltage vector is
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TABLE II
OPTIMAL SWITCHING TABLE FOR THE DTC SCHEME USING FUNDAMENTAL STATOR VOLTAGE

represented only due to stator resistance drop. For the present
case, the switching vectors selected are vector �V1 and vector
�V4 for torque and stator flux control, respectively, same as the
switching strategy explained for segment-2 and segment-3.

The optimal switching voltage vector selection most suitable
for current states of the flux hysteresis controller and torque hys-
teresis controller in all sectors is given in Table II. The switching
table is formed in such a way that the adjacent switching hap-
pens for a particular sector as much as possible. For example,
for the stator voltage vector in sector S1 (i.e., −15◦ ≤ θs ≤
15◦), the value of γ is between 0.2588 and 0; vectors �V1 for
clockwise rotation or vector �V12 for counterclockwise rotation
is selected for an increase in flux magnitude, enabling quick
response. Also, vector �V12 for clockwise rotation or vector �V1
for counterclockwise rotation is applied for a decrease in flux
magnitude. For the same sector (S1), the value of γ is between
0.2588 and 0; vector �V12 or vector �V1 for either direction of
rotation is applied to increase torque. Two zero vectors can be
applied to an induction motor in the event of torque reduction.

The zero vector �V13 or vector �V14 is applied for torque reduc-
tion for both directions of rotation. One of the zero vectors is
selected based on the previous active vector, so there will be the
minimum number of switching in pole voltage. Thus, a suitable
voltage vector is selected according to the flux and torque re-
quirements with minimum number of switching in pole voltage
to give fast torque control.

IV. EXPERIMENTAL RESULTS

The proposed DTC scheme using the fundamental stator volt-
age based on a 12-sided polygonal space vector is experimen-

tally verified using a 5 HP three-phase open-end winding in-
duction motor drive. The parameters of the motor used for the
experimental verification are given in the Appendix. The block
diagram in Fig. 1 is used for experimental validation. The control
algorithm is implemented using a TM320F2812 DSP processor.
The parameters of the hysteresis controller are selected such that
the maximum switching frequency is not more than 4 kHz in a
linear region of pulsewidth modulation (PWM) operation. The
drive has been tested under various working conditions. Figs.
6–10 show the operation of the DTC drive for 1, 30, and 40 Hz
frequencies of operation under different operating conditions.
The mechanical speed is derived using an encoder.

Figs. 6(a), 8(a), and 10(a) show the experimental result of
transient of a DTC drive using the fundamental stator voltage
vector during the start-up condition for 1, 30, and 40 Hz op-
eration, respectively. It is seen that after successfully building
the flux to the rated value, the drive starts smoothly and reaches
the steady-state condition. The drive starts operating into torque
control mode instantaneously. It is seen that the torque increases
fast and reaches to its reference value. The DTC scheme using
the fundamental stator voltage vector allows the successful op-
eration of drive at 1 Hz. It is seen that torque control is possible
at low speed (i.e., below 5 Hz) of operation.

Figs. 6(b), 8(b), and 10(b) show the experimental result of a
DTC drive using the fundamental stator voltage vector at steady
state for 1, 30, and 40 Hz operation, respectively. The torque
control is also highly effective as the steady-state speed ripple
is within the hysteresis band. The phase voltage waveform with
PWM control, from 12-sided voltage space vectors, is shown
in Fig. 6(b). The phase voltage waveform has changed because
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Fig. 6. Experimental result of the DTC drive using fundamental stator voltage
for 1 Hz operation. (a) Start-up, (b) steady state, (c) speed reversal, (d) loading:
(1) phase voltage VA A ′ , (2) motor phase current iA , (3) estimated torque Td ,
(4) speed of motor ωm (x-axis: (a) 500 ms/div, (b) 200 ms/div, (c) 1 s/div,
(d) 1 s/div; y-axis: (1a), (1b), (1d) 250 V/div, (1c) 200 V/div, (2a), (2b) 1 A/div,
(2c) 2 A/div, (2d) 4 A/div, (3) 22.1 N·m/div, (4) 75 (r/min)/div).

Fig. 7. (a) XY-plot of a stator current space phasor at start of drive for 1 Hz
operation (x-axis: 1.2 A/div, y-axis: 1.2 A/div). (b) XY-plot of estimated stator
flux space vector under the steady-state condition for 1 Hz operation (x-axis:
0.5 Wb/div, y-axis: 0.5 Wb/div).

the angle between the fundamental stator voltage vector and
the stator flux vector is less than 90◦. Hence, the switching
vectors are selected based on the value of variable γ. But the
phase current waveform still looks sinusoidal which confirms
the sinusoidal flux.

Figs. 6(c) and 8(c) show the experimental result of transient
of a DTC drive using the fundamental stator voltage vector
during speed reversal from the positive direction to the negative
direction of rotation for 1 and 30 Hz operation, respectively. It is
seen that the smooth speed reversal is possible with tight control
of torque. The proposed DTC scheme adjusts the lookup table
based on the relative positions of the fundamental stator voltage
vector and stator flux vector using variable γ as given in Table I.
It is observed that transition from one segment to other segment
occurs smoothly without losing control. It can be seen that the
developed torque is controlled at reference torque successfully
even at zero speed.

Figs. 6(d), 8(d), and 10(c) show the experimental result of the
DTC drive using the fundamental stator voltage vector during

Fig. 8. Experimental result of the DTC drive using fundamental stator voltage
for 30 Hz operation. (a) Start-up, (b) steady state, (c) speed reversal, (d) loading:
(1) phase voltage VA A ′ , (2) motor phase current iA , (3) estimated torque Td ,
(4) speed of motor ωm (x-axis: (a) 100 ms/div, (b) 5 ms/div, (c) 100 ms/div,
(d) 1 s/div; y-axis: (1) 500 V/div, (2a), (2d) 5 A/div, (2b) 2 A/div, (2c) 6 A/div,
(3) 22.1 N·m/div, (4a), (4b), (4c) 1200 (r/min)/div, (4d) 480 (r/min)/div).

Fig. 9. (a) XY-plot of the current space phasor at start of drive for 30 Hz
operation (x-axis: 4 A/div, y-axis: 4 A/div). (b) XY-plot of the estimated stator
flux space vector under the steady-state condition for 30 Hz operation (x-axis:
0.5 Wb/div, y-axis: 0.5 Wb/div).

the loading condition for 1, 30, and 40 Hz operation, respec-
tively. The DTC drive works perfectly during the loading con-
dition also. It can be seen in the results that torque is controlled
around the reference torque successfully, for whole range of
speed of operation. Figs. 7(a), 9(a), and 11(a) show the XY-plot
of the stator current during the starting condition. The stator cur-
rent is very small during flux building mode and it increases in-
stantaneously to a high value for supplying the reference torque,
very quickly. This fast change in the stator current represents
the fast torque control.

Figs. 7(b), 9(b), and 11(b) show the XY-plot of the estimated
stator flux under the steady-state condition. The trajectory is
circular for all speeds of operation. The circular trajectory of
the stator flux also confirms the successful operation of the
proposed DTC scheme to control the stator flux as well.

Fig. 12 shows the experimental results of the DTC drive
from 10 Hz operation to zero speed and then accelerate
to the set speed of 10 Hz, with small load torque ap-
plied. From Fig. 12(a), it is seen that the induction motor
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Fig. 10. Experimental result of the DTC drive using fundamental stator voltage
for 40 Hz operation. (a) Start-up, (b) steady state, (c) loading: (1) phase voltage
VA A ′ , (2) motor phase current iA , (3) estimated torque Td , (4) speed of motor
ωm (x-axis: (a) 100 ms/div, (b) 5 ms/div, (c) 1 s/div; y-axis: (1) 500 V/div, (2a),
(2c) 10 A/div, (2b) 2 A/div, (3a), (3c) 22.1 N·m/div, (3b) 11.05 N·m/div, (4a),
(4b) 2400 (r/min)/div, (4c) 720 (r/min)/div).

Fig. 11. (a) XY-plot of the current space phasor at start of drive for 40 Hz
operation (x-axis: 4 A/div, y-axis: 4 A/div). (b) XY-plot of the estimated stator
flux space vector under the steady-state condition for 40 Hz operation (x-axis:
0.5 Wb/div, y-axis: 0.5 Wb/div).

drive comes to a standstill from the speed of 10 Hz (i.e.,
300 r/min) successfully with small load. It is seen that the speed
is zero at the bottom waveform of Fig. 12(a) and the DTC drive
still controls the torque to its reference value without any loss
of control. From Fig. 12(b), it is seen that the induction motor
drive starts running from standstill to its set speed successfully.
It is seen that the speed increases steadily from zero to its set
speed of 10 Hz (i.e., 300 r/min). Fig. 13 shows the variation of
the reference torque, and the estimated torque for 20 Hz and 40
Hz operation for the starting condition. It also shows that the
estimated torque starts following the reference very quickly and
the response time of the estimated torque is very fast.

V. COMPARISON BETWEEN PROPOSED DTC BASED

ON A 12-SIDED POLYGONAL SPACE VECTOR AND

DTC BASED ON A HEXAGONAL SPACE VECTOR

The comparison of two schemes is done for the torque re-
sponse and switching frequency variation in a sector. The com-

Fig. 12. Experimental result of the DTC drive using fundamental stator voltage
for zero speed operation. (a) From 10 Hz to zero speed, (b) from zero speed
to 10 Hz: (1) phase voltage VA A ′ , (2) motor phase current iA , (3) estimated
torque Td , (4) speed of motor ωm (x-axis: (a) 500 ms/div, (b) 500 ms/div; y-axis:
(1) 200 V/div, (2) 5 A/div, (3) 11.05 N·m/div, (4) 150 (r/min)/div).

Fig. 13. Result of torque response for the DTC drive using fundamental stator
voltage during the start-up condition. (a) 20 Hz operation, (b) 40 Hz operation:
(1) reference torque T ∗

d , (2) estimated torque Td (x-axis: 2 ms/div, y-axis:
(1) 5.52 N·m/div, (2) 5.52 N·m/div).

parison is done using the simulation analysis for both schemes
of DTC. The induction motor specifications are given in the
Appendix.

A. Comparison of Torque Responses

The torque response for the proposed DTC based on a
12-sided space vector and the conventional DTC based on a
hexagonal space vector is done using simulation. For the com-
parison study, the torque command is given at a time when the
stator flux vector is positioned along the α-axis (i.e., the stator
flux vector is in sector-1 in both the cases). The torque response
of both schemes during sudden application of torque command
of 100% is shown in Fig. 14. It is seen that the torque response
of the proposed DTC based on a 12-sided polygonal space vec-
tor scheme is faster than the conventional DTC based on the
hexagonal space vector scheme.

Here, the torque command is given at time when the stator
flux vector is along the α-axis. The voltage space vector �V3 or
�V4 can be applied for DTC based on a 12-sided space vector,
and �V2 or �V3 can be applied for DTC based on a hexagonal
space vector. If any of these voltage space vectors are applied
for a time Δt, then the q-axis component of the applied voltage
space vector is given as

Vsq,6 = VDCsin (60o) = 0.866 VDC (24)

Vsq,12 = VDC sin (75o) = 0.966 VDC . (25)



408 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 1, JANUARY 2012

Fig. 14. Torque response of DTC based on a 12-sided polygonal space vector
and DTC based on a hexagonal space vector for step change in reference torque
to 100% of rated torque.

Fig. 15. (a) Torque variation for one switching cycle in hysteresis band for
constant stator flux. (b) Equivalent circuit of an induction motor with back emf.

The q-axis component of the applied voltage space vector for
a 12-sided space vector is higher than the applied space vector
for the hexagonal structure, as from (24) and (25). This higher
value of the q-axis component will result in a higher value of
angle (ρs−ρr ). This higher value of angle (ρs−ρr ) will result
in fast torque development which is seen in Fig. 14.

B. Comparison of Switching Frequency Variation in a Sector

The switching frequency variation of the proposed DTC based
on a 12-sided polygonal space vector is compared with the
conventional DTC based on the hexagonal space vector, for the
whole range of speed of operation. The switching frequency at
a given position of the stator flux is derived using the torque
error equation where the stator flux is assumed constant for one
switching cycle. The one switching cycle consists of switching
of an active vector followed by a zero vector. The derivation of
switching frequency is given later.

The torque equation of the induction motor is given by

Td =
2
3

P

2

(

�ψs ×�is

)

. (26)

If the stator flux is assumed constant, then the change in
torque during one switching cycle is given by ΔTd as shown in
Fig. 15(a). Hence, the change in torque is given by

ΔTd =
2
3

P

2

(

�ψs × Δ�is

)

. (27)

The change in torque can be calculated using the calculated
value ofΔ�is . The value of Δ�is will be calculated using the

Fig. 16. Switching frequency variation of 12-sided DTC and 6-sided DTC.
(a) For back emf variation from 0.1 to 0.4. (b) For back emf variation from 0.5
to 0.8.

equivalent circuit with Rs
�is drop neglected [see Fig. 15(b)] as

Δ�is =
�Vs − �E

σLs
Δt. (28)

The value of Δ�is from (28) is put into (27) to yield Δt as

Δt =
3
2

2
P

ΔTdσLs

(�ψs × (�Vs − �E))
. (29)

Equation (29) gives the time duration of the switching vector
for the known value of torque ripple ΔTd , stator flux vector �ψs ,
inverter output vector �Vs, and modulation index of operation (or
frequency of operation).

The time duration TON and TOFF is calculated for the appli-
cation of the active vector and zero vector, respectively.

The time duration of switching of the active vector is

TON =
3
2

2
P

ΔTdσLs

(�ψs × (�Vs − �E))
. (30)

The time duration of switching of the zero vector is

TOFF =
3
2

2
P

ΔTdσLs

(�ψs ×− �E)
. (31)

The time period TS of one switching cycle is

TS =
1
fS

= TON + TOFF . (32)

Hence, the switching frequency fS is calculated using (32).
The switching frequency fS variation is plotted in Fig. 16 for

both DTC schemes. The plot with a solid line is for a 12-sided
space vector and the plot with a dashed line is for a hexagonal
space vector. The switching frequency fS is calculated for a
stator flux position varying from −60◦ to 0◦ for a hexagonal
space vector and from −30◦ to 0◦ for a 12-sided polygonal
space vector.

The stator flux position is varied considering active vector
switching duration of 60◦ in a hexagonal space vector-based
PWM control and 30◦ in a 12-sided polygonal space vector-
based PWM control. The switching frequency variation is plot-
ted for different values of modulation index (i.e., variation of
�E) which varied from 0.1. to 0.8 p.u. for torque ripple ΔTd

of 10% of rated value, stator flux vector �ψs of rated value, in-
verter output vector �Vs of vector length of 500 V. Fig. 16(a) and
(b) shows the switching frequency variation for a modulation
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index which varied from 0.1 to 0.4 p.u. and from 0.5 to 0.8 p.u,
respectively.

It can be seen in Fig. 16 that the frequency variations for
the DTC scheme based on 12-sided polygonal space vectors
are less compared to a conventional DTC scheme based on
hexagonal space vectors. The frequency variation is the same
for a lower modulation index of operation as shown in Fig. 16(a).
But the frequency variation is increasing as modulation index
is increasing. The frequency variation is more for a hexagonal
space vector-based DTC scheme for higher modulation as shown
in Fig. 16(b).

VI. CONCLUSION

A variable speed DTC scheme for an open-end induction mo-
tor drive based on a 12-sided polygonal space vector using the
fundamental stator voltage for sector identification is proposed
for the first time. The novelty of the proposed scheme lies in the
application of the estimated fundamental stator voltage vector,
in selecting the sector and then the inverter switching vectors, for
the DTC control using the 12-sided polygonal voltage vectors.
This also improves the accuracy of the voltage vector selection,
for the entire speed range, resulting in higher dynamics of torque
control. The proposed estimation method of the fundamental sta-
tor voltage is very simple and uses the steady-state model of the
induction motor. Therefore, the proposed DTC scheme utilizes
the exact positions of the fundamental stator voltage vector and
stator flux vector to select an optimal switching vector for fast
control of torque, with small variation of stator flux within the
hysteresis band. The switching voltage vector selection based on
sector information of the fundamental stator voltage vector and
the relative position of the stator flux permit the DTC drive to
operate at a very low speed of around 1 Hz, with fast control of
the full rated torque. The proposed drive can be effectively oper-
ated for zero speed with full load applied (i.e., the DTC drive can
be operated at zero speed). Standard stator resistance parameter
adaptation techniques are available in the literature and it can
be easily incorporated in to this study as well. The proposed
DTC scheme has been implemented for experimental verifica-
tion using a DSP processor. Extensive experimental results are
shown at various speeds of operation up to 1 Hz to verify the
proposed concept. The same control scheme is further extended
from 1 to rated 50 Hz operation of the inverter. Among the
advantages achieved by the proposed 12-sided polygonal space
vector-based DTC are fast torque transient, increased modula-
tion range, reduced switching frequency variation, and possible
operation up to zero speed. The experimental results prove that
the proposed fundamental stator voltage-based DTC scheme for
an induction motor drive can be utilized for an electrical vehicle
application.

APPENDIX

IM parameters: 3.7 kW, 3Φ, four poles, 415 V, 50 Hz,
1445 r/min, Rs = 4.8 Ω, Rr = 3.8 Ω, Ls = 0.5632 H, Lr =
0.577 H, M = 0.546 H, moment of inertia, J = 0.1 kg·m2 .
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