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This paper presents a modified direct torque control based on combination of hysteresis current control and space vector
modulation for induction motor drives. This technique is characterized by simplicity and high performance flux and torque
control in ac drive systems. The configuration of hysteresis current control and space vector modulation in direct torque control
technique can reduce drastically the switching losses by implementing space vector modulation technique and produce a better
stator current waveform by using a significant tolerance bandwidth of the hysteresis current control. The behavior of the
proposed technique is fully verified by digital simulation using Matlab/Simulink and experimental implementation on dSPACE

1 104 system card.

1. INTRODUCTION

In the past, electrical motors speed regulations were realized
with dc motors because their easy control. However, it is
well known that this kind of motors presents several
disadvantages as higher cost of buying, higher rotor inertia
and maintenance problem with commutators and brushes. In
addition they cannot operate in dirty and explosive environments.
That’s why in last few decades the dc motors are progressively
replaced by ac drives especially with induction motors,
which have good economic aspects, and a high power/size
report. The responsible for those results are the development
of modern semiconductor devices and the digital signal
processor technologies.

The most economical induction motors speed control
methods are realized by using frequency converters. Many
different topologies of frequency converters are proposed
and investigated in the literature. However, a converter
consisting of a diode rectifier, a dc link and a pulse width
modulated (PWM) voltage inverter is the most applied in
industry. The high-performance frequency controlled PWM
inverter fed induction motor drive should be characterized
by fast flux and torque response, available maximum output
torque in wide range of speed operation region, constant
switching frequency, unipolar voltage PWM, low flux and
torque ripple, robustness for parameter variation, four-
quadrant operation [1].

These features depend on the applied control technique.
The main objective of the chosen control method is to
provide the best possible performances of the drive, with
low cost and without complexity. Induction motor control
methods can be divided into scalar and vector control, where
the general classification of the variable-frequency methods
is presented in [1, 2]. In the control of electrical drives there
are two main control schemes that have dominated high-
performance applications during the last few decades: (1)
field oriented control (FOC), in which a decoupled torque and
flux control is performed by considering an appropriate
coordinate frame; (2) a nonlinear hysteresis-based strategy
such as direct torque control (DTC), which appears to be a
solution for high performance applications.

Over the past years, DTC scheme for induction motor
drives has received enormous attention in industrial motor
drive applications. The main reason for its popularity is due

to its simple structure, particularly when compared with
FOC scheme. The DTC is one of the actively researched
control techniques which is based on the decoupled control
of stator flux and torque providing a quick and robust response
with a simple control construction in ac drives. This
technique is derived from the fact, that on the basis of the
errors between the reference and the estimated values of
torque and flux, it is possible to control directly the inverter
states in order to reduce the torque and flux errors within
pre-fixed band limits.

The major disadvantages of DTC technique using hysteresis
controllers are variable switching frequency, difficulty to
control torque and flux at very low speed, high current and
torque ripple, high noise level at low speed and absence of
direct current control. During the last three decades, a
variety of modifications have been made to overcome some
drawbacks present in conventional DTC technique. The
objective of these modifications was to improve the start up
of the motor, the operation in overload conditions and low
speed region. The modifications also aimed to reduce the
torque and current ripple, the noise level and to avoid the
variable switching frequency [3—14].

This paper proposes a modified DTC based on combination
of hysteresis current control (HCC) and space vector
modulation (SVM) techniques. The fundamental idea of the
proposed method is to control not only the torque and the
stator flux but also the stator currents with reduced
switching losses. Indeed, its principle is very simple, the
conventional DTC maintains its analog structure, but a
modification is brought which ensures the control of stator
currents by using HCC technique. The HCC is very suitable
for current control, but it generates other vectors than the
space vectors required according to the region in the SVM
technique. For this reason, by implementing of SVM technique
which limits the space vectors to be applied according to
the region where the reference output voltage vector is
located, a considerably reduction of switchings number is
obtained. Thus, by combining both SVM and HCC techniques
in DTC, the disadvantages can be distinctly reduced and the
ac drive performances can be noticeably improved.

The remaining contents of this paper are organized as
follows. Section 2 introduces the conventional DTC scheme
principle based on switching look-up table. Sections 3 and
4 describe respectively the basic operating principles of
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DTC based on HCC and proposed DTC based on combination
of HCC and SVM. Section 5 discusses the simulation
results obtained by using MATLAB/SIMULINK software
in steady and dynamic states for conventional DTC and
proposed DTC based on combination of HCC and SVM.
Section 6 presents the experimental implementation on
dSPACE 1 104 system card and the obtained experimental
results of both methods. Conclusions are finally drawn in
the last section.

2. CONVENTIONAL DTC PRINCIPLE

The behavior of induction motor in DTC drives can be
described in terms of space vectors by the following
equations written in stator stationary reference frame [5].
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The equation of the dynamic rotor rotation can be
expressed as:

282 T T0 ©)
where: Vs stator voltage vector, ig stator current vector, i,
rotor current vector, Rg—stator resistance, R. —rotor
resistance, L, — mutual inductance, Ls— stator inductance,
L, — rotor inductance, y — stator flux vector, y, — rotor flux
vector, o, —rotor electric speed, Tem— electromagnetic
torque, p—number of pairs of poles, ¢ —leakage coefficient,
J —inertia, Q — mechanical speed, T, — load torque.

Basically, DTC schemes require the estimation of the
stator flux and torque. The stator flux evaluation can be
carried out by different techniques depending on whether
the rotor angular speed or (position) is measured or not. For
sensorless application, the “voltage model” is usually
employed.

Considering the combination of states of switching
functions (S, S, ), dc link voltage V. and stator current
measurements; the stator flux can be evaluated by
integrating from the stator voltage equation

Ws(t):I(Vs_Rsis)dt' (7

For calculation of flux using (7), voltage vectors are
required which can be derived by first calculating the phase
voltages and then converting them in two phase quantity in
a stationary reference frame.
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where Vg, Vg and Vg denote phase voltages; S, S, $
denote inverter switching states, §;= 1 (k = 1, 2, 3), if the
upper leg switch is on and S = 0, if the lower leg switch is
on; V, and Vg are o and P axis stator voltage in stationary
reference frame.

This method is very simple requiring only the knowledge
of the stator resistance. The effect of an error in Rs is
usually quite negligible at high excitation frequency but
becomes more serious as the frequency approaches zero.
The electromagnetic torque is estimated from the flux and
current as:

Te=PligWsy ~IsaVsp) - (10)

The stator flux angle 6 is calculated from the estimated
stator flux v in the reference frame related to the stator

Oszarctan(\usﬁ/\ysa). (11)

The block diagram of the basic DTC scheme is shown in
Fig. 1. The principle of the conventional DTC is based on
its decoupled control of stator flux and electromagnetic
torque [5-9]. The error between the estimated torque T and
the reference torque T¢* is the input of a two-level
hysteresis comparator, also the error between the estimated
stator flux magnitude |y4 and the reference stator flux
magnitude |ys*| is the input of a two level-hysteresis
comparator. A switching look-up table is included for
selection of the appropriate voltage vector for three-phase
inverter feeding the induction motor. This simple approach
offers high performance in terms of simplicity in control
and fast electromagnetic torque response, but the steady
state performance is characterized by undesirable ripple in
the flux and torque. Moreover, it does not allow the direct
control of stator currents.

3. OPERATING PRINCIPLE
OF DTC BASED ON HCC

The HCC technique is characterized by its easy
implementation, fast dynamic response, inherent peak current
limiting capability, and insensitivity to load parameters
variation. The basic idea of HCC is to keep the current
inside the hysteresis band by changing the switching state
of the converter each time the current reaches the boundary.
This current control technique plays the most important role
in current-controlled PWM inverters, which are widely
applied in high-performance ac drives [15—-17] and harmonic
compensation systems [18].

The operation of a three-phase voltage-source inverter
(VSI) feeding an ac motor is described with reference to
Fig. 2, where the motor load is represented by a symmetrical
approximated equivalent scheme including R, L;s impedances
and back-emf’s.

Referring to the topology of Fig. 2, the relationship
between phase voltage vector and load current vector can
be formulated as:

, di
Vg = Ryig + L|S(Tf+e.

(12)
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For a reference load current vector is*, consequently, the
reference phase voltage vector may be defined as:
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Fig. 1 — Block diagram of basic DTC scheme.
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Fig. 3 — Block diagram of the DTC based on HCC scheme.
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The instantaneous current error vector is the deviations
between the actual current vector and the reference current
vector as:

£=ig—is. (14)
So from (12), (13) and (14), one can write:
Lis S + Ree = Vg — Ve (15)

The DTC based on HCC developed in this work (Fig. 3)
is similar to conventional DTC based on hysteresis comparators
and switching look-up table (Fig. 1). For the developed
technique proportional-integral controllers can replace the
hysteresis comparators for torque and flux control, and
instead of using switching look-up table, a current error for
each phase is deduced from equation (15), and then is sent
to hysteresis current comparator (HC) in order to generate
the switching pulses and ensure the control of stator
currents. The phase voltages are estimated from the dc link
voltage Vy and the states of inverter switches according to

(8). The advantage of this modified DTC compared to
conventional DTC based on switching look-up table is to
control not only the torque and the magnitude of flux but
also the stator currents.

4. OPERATING PRINCIPLE OF DTC BASED
ON COMBINATION OF HCC AND SVM

The HCC technique plays an important role in fast
response current controlled PWM inverters. This technique
provides instantaneous current corrective response, good
accuracy and unconditioned stability to the system. Besides
that, this technique is said to be the most suitable solution
for current controlled PWM inverters. However, due to a
heavy interaction between the phases when the neutral is
insulated to the dc link midpoint, a highly switching frequency
variation may occur and the current error is not strictly
limited by the hysteresis band. These drawbacks provide
high current ripples, acoustic noise and difficulty in filtering.
In addition, the HCC generates other vectors than the space
vectors required according to the region in the SVM
technique, which increases the number of switchings and
consequently the switching losses [19, 20]. This problem in
the HCC can be solved using the space vector concept.

The basic principle of the SVM technique is that it treats
the PWM inverter as a whole unit, which is different when
compared to sinusoidal PWM technique [21]. This
technique is based on the decomposition of a reference
voltage vector into voltage vectors realizable on six-pulse
PWM inverter which is shown in Fig. 2. However, by applying
this concept to six-pulse PWM inverter, eight possible
output voltage vectors are available where two of them are
the null voltage vectors while the remaining six vectors are
60° apart of each other. The space vectors can be obtained
and defined based on the voltage waveform and region
division. The PWM inverter can operate with eight switching
states, where each state corresponds to a space vector.

The following active space vectors are obtained:

2 ji-nE

Vi=3Vae . i=12..6.. (16)

The available space voltage vectors according to eight
switch states are shown in Fig. 4, where the null voltage
vector has two switching patterns Vy(000) and Vy(111). The
reference output space vector V¥ is obtained from o—f
transformation of reference phase voltages. In SVM technique,
the conduction times of the switches are modulated
according to the magnitude and angle of Vs*. The angle of
V;* determines a region among six regions in the complex plane.

V,(010) V,(110)

Region 2

diydt
diy/dt

Region 3 Region 1
dijde . d J/dt
V,(011) € $ V,(100)
. Sdiydt
Region 4 Syt Region 6

Region 5

V,(001) v, (101)

Fig. 4 — Derivative vectors of current error in region 1.
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Fig. 5 — Block diagram of the DTC based on combination of HCC
and SVM scheme.

Tablel

Switching table for the proposed DTC
based on combination of HCC and SVM

Region HC, HC, HC; V,
1 0 0 V,

1 1 1 0 V,
Other cases Vo

1 1 0 V,

2 1 0 Vs
Other cases Vo

0 1 0 \'A

3 0 1 1 V,
Other cases Vo

0 1 1 V,

4 0 0 1 Vs
Other cases Vo

0 1 Vs

5 1 0 1 Ve
Other cases Vo

1 0 1 Vs

6 1 0 0 Vv,
Other cases Vo

Usually, the effects of the term Rs.€ can be neglected, so
(15) becomes:
de *
|—|sa:Vs_Vs~ a7
The phase voltage Vs is represented by the quantized
space vector V;. Then (17) becomes as follows:

de *
Lis g =Vs—Vi.

From (18), the derivative vector de/dt of the current error
determines the desired space voltage vectors V; for each
state. If the reference output space voltage vector Vs* is
located in region 1 (Fig. 4), the derivative vectors of the
current error with respect to the reference output space
voltage vector in region 1 show that de;/dt and dey/dt
provide the minimum values of derivative vectors of the
current error. Hence, the adequate space voltage vectors for
ve* are Vi, V, and V. Based on the SVM principles, only
correct and adequate vectors are applied in each switching
state. By implementing this technique to the HCC, the
unnecessary number of switchings can be reduced.

Figure 5 shows the block diagram of the proposed DTC
based on combination of HCC and SVM technique for
three-phase PWM inverter. The concept of this control

(18)

employs a very simple structure with the same structure of
DTC based on HCC (Fig. 3), but a region detector from the
position of the reference space voltage vector and a
switching table are added. The hysteresis comparators HC,,
HC, and HC; are used to limit the current error within a
specified band. The space vectors V, V| and V, in region 1
are utilized as in the SVM technique. When HC; provides 1,
HC, provides 0 and HC; provides 0, the vector Vi is
applied. On the other hand, V, is applied when HC,
provides 1, HC, provides 1 and HC; provides 0. In the other
cases, the null voltage vector is applied. The region detector
and the output signals of the hysteresis comparators, HC,
HC,, HC;, provide the information to a switching look-up
table to produce appropriate gate switching signals to the
three-phase PWM inverter (Table 1).

5. SIMULATION RESULTS

The parameters of the squirrel-cage induction machine
used in simulation and implementation tests are given in
Table 2. Note that the stator induction motor is WYE
connected. The sampling frequency used for all simulation
tests is 20 kHz, the dc voltage source is equal to 630 V and
the magnitude of reference stator flux is fixed to the rated
value 0.94 Wb.

In conventional DTC, for the flux, a hysteresis band
controller of 0.02 Wb was chosen, which is almost 2 % of
the rated flux; for the torque, the hysteresis band controller
was chosen to be 0.036 Nm, which means 1 % of the rated
torque. These adjustments led to an average switchings
number of inverter states in rated state equal to 33 960 per
second, while for the proposed DTC based on combination
of HCC and SVM, the hysteresis bands of current errors
equal to 0.2 A were chosen, namely 34620 switching states
per second.

The tests, in simulation studies, were conducted to verify
feasibility and performance of the proposed DTC based on
combination of HCC and SVM compared to the
conventional DTC. For these tests, the induction motor
operates with a rated speed 2 880 rpm for no-load from 0 to
0.6 s, then for full load of 3.31 Nm from 0.6 sto 1 s.

The waveforms of estimated stator flux magnitude,
motor speed and estimated electromagnetic torque, for the
conventional DTC and the proposed DTC based on
combination of HCC and SVM are respectively shown in
Figs. 6 and 7. For both techniques, the estimated stator flux
magnitude is kept stable around 0.94 Wb with a little
deviation obtained by the proposed DTC based on
combination of HCC and SVM compared to the
conventional DTC (Fig. 6a and Fig. 7a), it is clear that the
motor speed is maintained close to its reference 2 880 rpm
in steady state (Fig. 6b and Fig. 7b) and the estimated
electromagnetic torque varies around 0.6 Nm for no-load
case and 4 Nm for full load case with smaller oscillations in
case of the proposed DTC based on combination of HCC
and SVM compared to the conventional DTC case (Fig. 6¢
and Fig. 7c). It is also well observed that during load
changes at time 0.6 s, both techniques ensure good dynamic
control with sufficient time responses.

Figures 8 and 9 show the stator current of a-phase
waveforms and their harmonic spectrum in rated state
respectively for the conventional DTC and the proposed
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DTC based on combination of HCC and SVM. It is clear
that the proposed DTC ensures more quasi-sinusoidal
waveforms compared to the conventional DTC (Fig. 8a and
Fig. 8b) with a total harmonic distortion THD calculated up
to the 50™ order equal to 11.42 % for the conventional DTC
(Fig. 9a) and 6.62 % for the proposed DTC (Fig. 9b).

Table2
Parameters of the induction motor
Y/A 380/220 V,2.2 /3.8 A,
Ratings 50 Hz, 1kW, cos=0.83,

Stator resistance R, (€2) 5.65

Rotor resistance R, (Q) 4.32

Mutual inductance L, (mH) 725

Stator inductance Ly (mH) 737

Stator leakage inductance L 12

I’{()'t(')\r inductance L, (mH) 737

Inertia J (kg.m?) 0.0027

Friction coefficient f 0.00258

Fig. 6 — Simulation results during a load impact
for the conventional DTC: a) estimated stator flux magnitude;
b) motor speed and c) estimated electromagnetic torque.

Fig. 7 — Simulation results during a load impact for the proposed DTC
based on combination of HCC and SVM: a) estimated stator flux
magnitude;b) motor speed and c) estimated electromagnetic torque.
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Fig. 8 — Stator current waveform: a) Conventional DTC
and b) proposed DTC based on combination of HCC and SVM.
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Fig. 9 — Harmonic spectrum of a-phase stator current: a) Conventional
DTC and b) proposed DTC based on combination of HCC and SVM.
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Fig. 10 — Number of switchings for K;.

Figure 10 shows the number of switchings calculated on
the interval [0 1 s] for the switch K; in the case of DTC
based on HCC and DTC based on combination of HCC and
SVM. The number of switchings in the proposed DTC
based on combination of HCC and SVM is significantly
reduced (about 26 %) compared to the DTC based on HCC
with the same hysteresis band.

6. EXPERIMENTAL SYSTEM AND RESULTS

An experimental prototype has been developed in
laboratory to examine the operating characteristic of the
proposed DTC based on combination of HCC and SVM for
induction motor. A three phase insulated gate bipolar
transistor (IGBT) based inverter (SEMIKRON) is connected
with a supply dc bus voltage generated by three-phase
diode-bridge rectifier through three-phase ac supply. To
ensure the insulation and the dead-time of control signals an
integrated card is used. Two Hall-effect current sensors and
one voltage sensor are employed to detect the stator
currents and the dc bus voltage of inverter respectively and
a speed sensor is used to detect the motor speed. The control
program is written in MATLAB/Simulink real time interface
with sampling frequency of 20 kHz and is implemented in
real-time with dSPACE (RTI1104) digital signal processor
installed in a PC Pentium. Several tests, in real-time
implementation, were conducted to confirm the obtained
simulation results. For these experimental tests, the same
control data are used than in digital simulation tests.

Firstly, in order to better appreciate the static
performance in rated state of the proposed DTC based on
combination of HCC and SVM compared to the
conventional DTC, the motor drive operates in steady state
at rated speed 2 880 rpm with full load. The inverter is
connected with a supply dc bus voltage of 630 V. During
the application of these techniques, a power and quality
analyzer instrument is used to obtain and examine the stator
currents waveforms quality. These experimental electrical
quantities allow to fairly compare the two techniques in
steady state. Indeed, Figs. 11 and 12 show the stator current
waveforms and the harmonic analysis of a-phase stator
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current for the conventional DTC and the proposed DTC
respectively. It is clear that nearly sinusoidal stator current
waveforms are achieved for the proposed DTC compared to
the conventional DTC. It can be seen that the proposed
DTC improves noticeably the quality of stator currents; this
improvement is also explained by the reduction of THD
(16.9 % for the conventional DTC and 7.3 % for the
proposed DTC).

Secondly, since the very important features of the
proposed DTC in comparison with conventional DTC are
performance in steady state, in order to better appreciate
this importance, different experimental waveforms are
obtained in steady state with full load at low speed regions.
Figurel3 shows the stator current waveforms for the
conventional DTC and the proposed DTC for 200 rpm.
These waveforms are obtained by digital oscilloscope.
Compared to the conventional DTC, it is well observed that
the proposed DTC ensures a good quality of stator current
waveform even at low speed regions. This offers a
minimum torque ripple.

Finally, four experimental tests are proposed to examine
the performance of the proposed DTC in transient of the
speed reversal operation with full load in low speed
regions: +500 rpm to — 500 rpm (Fig. 14a), from —500 rpm
to +500 rpm (Fig. 14b), from +200 rpm to —200 rpm (Fig.
14c¢) and from 200 rpm to +200 rpm (Fig. 14d), these tests
show clearly the better performance offered by the
developed DTC based on combination of HCC and SVM
technique compared to the conventional DTC technique in
transient state conditions and in low speed regions
operation. The proposed DTC ensures a good regulation of
the motor speed in steady state and the stator flux
magnitude is maintained close to its reference value 0.94
Wb with good stability. The estimated electromagnetic
torque ripple level is drastically reduced. For both
techniques, the time responses in transient of the speed
reversal operation is sufficient.
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Fig. 14 — Experimental results during speed reversal operation: (left) conventional DTC and (right) proposed DTC based on combination of HCC and
SVM, (CHANNEL 1) reference speed [200 rpm/div], (CHANNEL 2) motor speed [200 rpm/div], (CHANNEL 3) estimated electromagnetic torque
[5 Nm/div], (CHANNEL 4) estimated stator flux magnitude [0.5 Wb/div]: a) from +500 rpm to —500 rpm; b) from —500 rpm to +500 rpm;
¢) from +200 rpm to —200 rpm; d) from —200 rpm to +200 rpm.
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7. CONCLUSIONS

This paper has described a modified DTC based on
combination of HCC and SVM technique for induction
motor. The advantage of this modified DTC compared to
the conventional DTC based on switching look-up table is
to control not only the torque and the magnitude of flux but
also the stator currents. This technique is characterized by
simplicity and high robustness; it utilizes the advantages of
the HCC and SVM techniques and leads to a significant
reduction in the number of switchings compared to the
DTC based on HCC.

The conventional DTC and the proposed DTC based on
combination of HCC and SVM technique were simulated
under Matlab/Simulink and implemented in real-time using
dSPACE 1104 system card. It has been shown via simulation
and experimental results that the proposed technique
ensures a control of electromagnetic torque and stator flux
with minimum ripple level and stator currents with high
quality. The presented results indicate also that the
combination of HCC and SVM in DTC can reduce the
switching losses and the proposed DTC can improve ac
drive performance noticeably particularly in steady state
conditions.

Received on January 28, 2017
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