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Abstract—Since induction motors were invented, human civi-
lization has changed forever. Due to their beneficial characteristics,
induction motors are widely used and have become the most
prevalent electrical counterparts. Many control strategies for
induction motors have been developed, varying from scalar to
vector control. In the class of vector control, the Direct Torque
Control (DTC) was proposed as an alternative that ensures
separated flux and torque control while remaining completely in
a stationary reference frame. It offers direct inverter switching,
reasonable simplicity than other vector control techniques, and less
sensitivity to parameter variation. However, the use of hysteresis
controllers in conventional DTC involves non-desired ripples in the
system’s flux and torque, which leads to bad system performances,
primarily in low-speed operations. This paper aims to minimize
the chattering and ensure the augmented system’s performance in
terms of robustness and stability. The proposed method is an im-
proved version of DTC, which combines the addition of the Space
Vector Machine (SVM) algorithm to the DTC and the increased
number of DTC sectors that generate reference control voltages.
Satisfactory results have been obtained by numerical simulation
in MATLAB/Simulink. Eventually, the proposed method is proven
to be a fast dynamic decoupled control that robustly responds to
external disturbance and system uncertainties, especially in the
low-speed range.
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I. INTRODUCTION

Since induction motors were invented, the trajectory of
human history has changed. Even now, the century-old motor,
firstly designed by the famous scientist Nicola Tesla, is the most
prevalent motor type. Induction motors account for around half
of all global electric power use. They are built and designed
for practical simplicity, unlike any other electrical counterparts;
permanent magnets are unneeded, mostly are brushless, and
have no commutator rings or position sensors [1]. Induction
motors are also capable of self-starting operations. The most
significant advantage of induction motors is that their speed
can be easily changed by modifying the power frequency.
They are a good fit for elevators, cranes, and even electric cars
because of this feature [2]. Electric automobiles can operate
in a single-speed transmission due to the high-speed band of
induction motors [3]. Another noteworthy feature is that they
can also operate as a generator when a prime mover moves the

rotor. Thus, it is critical to ensure that the rotating magnetic
field speed is always lower than the rotor speed in this scenario

[4].

The vector control, also known as field-oriented control
(FOC), was developed to circumvent the limitations of scalar
control [5] [6]. It was introduced in the 1970s, designed to
provide independent torque and flux control comparable to
the separate excitation DC machine [7] [8] [9]. FOC has
some drawbacks; one of FOC’s fundamental drawbacks is the
coordinates transformation. The coordinates transformation
requires the flux angle, which cannot be directly measured.
Another drawback is related to the machine’s sensitivity
while there are changes in machine parameters such as
stator and rotor resistance [10]. Meanwhile, Direct Torque
Control (DTC) is another way that ensures separated flux
and torque control. In the middle of the 1980s, Takahashi
and Noguchi first introduced it to Japan. Unlike FOC, this
control technique is carried out entirely in a stationary frame
(stator fixed coordinates). Furthermore, DTC generates the
inverter gating signals directly through a look-up switching
table and does not require any modulator [11]. Although DTC
has fewer model parameters than FOC, it provides a better
response regarding the torque. In other words, DTC is simpler
and has a profoundly fast response. Hence, it is suitable for
high-performed drive applications [12].

Unfortunately, hysteresis in the fundamental DTC method
causes undesired ripples in flux and torque [13]. Some
modifications and improvements of DTC have been made,
aiming to lessen the ripples. When the Space Vector Modulation
(SVM) was proposed as an alternative solution to this issue,
the study results proved its functionality [14]. Despite its
complexity, this method reduces the high level of ripples [15].
Meanwhile, the number of sectors to generate the reference
control voltages is also considered efficient to tackle this
problem [16]. Study findings found that the twelve sectors of
DTC resulted in good dynamics while the system is being
operated in the high and low-speed ranges [17] [18] [19]. In
summary, the proposed method combines the advantages of
both FOC and DTC while eliminating their drawbacks.
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The research aims to control and improve the performance
of an induction motor drive system by modifying the DTC
using a robust and nonlinear technique. The research can be
summarized into two stages: 1) The high torque and flux ripples
will be minimized by adding SVM into the DTC method since
DTC is capable of constant frequency switching. Since the
switching affects the torque and flux, the number of ripples in
flux and torque can be reduced. 2) After the ripples of flux and
torque are reduced, the research will work on the robustness and
stability of the proposed control technique. Since the number
of sectors is the most influential factor to overcome disturbance
and system uncertainties, the number of sectors will be modi-
fied. Eventually, a fast dynamic decoupled control that robustly
responds to external disturbance and system uncertainties in the
low-speed range can be achieved [20].

II. MATHEMATICAL MODELLING OF INDUCTION MOTOR

The state-space model representation of a system can be
mathematically written as the following equation:

{X:AX+BU 0

Y =CX

The state vector was represented as X, the input vector as U,
and the output vector as Y.

According to [21], the state and the input vectors of an
induction motor can be defined by the stator’s current and the
rotor flux components based on their stationary frame (a-3).
Thus, it can be defined as:

X=[isoz isﬁ ¢ra ¢T[3]ta U=[vsa vsﬁ}t, and Y=[Zs()/ is[ﬁ]t~

isq and 155 are components of the stator’s current in the a-f
reference frame.

¢ro and ¢,g are components of the rotor’s flux in the «o-3
reference frame.

Vs and veg are components of the stator’s voltage in the o-3
reference frame.

Therefore, components of matrices in the state-space
representation can be obtained by analyzing differential
equations of the rotor flux and the stator current, as in the
equation below.
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Table I. Rated power and parameters of the used machine in simulation

Rated power 3 kW

Rated speed 1440 rpm
Pair pole 2

Frequency 50 Hz

Line voltage 220/380 V/
Phase current 12.5/72 A
Stator resistance 2.2 )

Rotor resistance 2.68
Stator inductance 0.229 H
Rotor inductance 0.229 H
Mutual inductance 0217 H
Moment of inertia 0.047 kg.m?
Viscous friction coefficient | 0.004 N.s/rad

The block diagram of the state-space model of induction
motor can be seen in Fig. 1, while the lists of the rated power
and parameters used in simulation can be seen in Table I.

III. DTC FUNDAMENTALS

The fundamental of DTC is to control the flux and the torque
directly and separately within their respective hysteresis bands
by selecting the optimal inverter switching states [22]. Coordi-
nate transformation, current regulators, or PWM generators are
unnecessary in DTC, while DTC provides an excellent torque
control performance, especially in terms of a fast response [23].

A. Stator Flux and Torque Estimation

The measurement of flux and torque is estimated based on the
stator currents and voltages. Based on the dynamics of induction
motor in stator fixed reference frame, the stator flux can be
written as in equation below [24] [25]:

t
b5 = / (Ve — RoI)dt )
0

Thus, the flux components in the a-3 coordinates can be defined
as:

t
¢sa = / (Usoz - Rslea)dt (3)
0

t
¢SB = /0 (vsﬂ - Rslsﬁ)dt (4)

The stator flux module can be calculated based on the flux com-
ponents in the a-f coordinates, which can be mathematically
defined as:

b5 = /020 + 625 5)

i Ul - 1+ X JrlLX - 1LY i
| B iy \i‘ C ;
i Motor i

Fig. 1. Induction motor state-space mathematical model
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Table II. Basic DTC switching table

[ D¢ | AT [ S1 [ S2 [ S5 [Sa [ 85 | 86 |
1 110 | 010 | O11 001 101 100
1 0 111 000 111 000 111 000
-1 101 100 110 | 010 | O11 001
1 010 011 001 101 100 110
0 0 000 111 000 111 000 111
-1 001 101 100 110 010 011

Meanwhile, the electromagnetic torque can be expressed as the
difference of the product of the stator current and flux between
different frames, as in the equation below:

T, = p(isﬁ¢sa - isozd)sﬁ) (6)
B. Switching State Vector

Inputs to the hysteresis comparators (controllers) are errors
that resulted from the difference between reference values
and estimated values. Meanwhile, outputs of the hysteresis
controllers and flux locations determine the input selector of the
switching table. The selector will then the suitable switching
state vector. The switching table can be seen as in (Table II)
[26]. This switching states vector (S, Sp S.) generates eight
position vectors (‘71, ‘72, A Vg), where two of them correspond
to the null vector (S, Sy S.)=(1 1 1) or (0 0 0) [27].

IV. SPACE VECTOR MODULATION ALGORITHM

The primary drawbacks of conventional DTC methods are the
switching frequency and chattering effect (high level of ripples).
As a consequence, the augmented system will have high har-
monics of currents, acoustical noise, bad control performance
especially when the system is being operated at a low-speed
range. The principle of SVM is to predict the inverter voltage
vector by projecting the reference vector V" between adjacent
vectors corresponding to two non-zero switching states [28], as
illustrated in Fig. 2 [29]. For sector 1:

VIT, =ViTh + VT + W To @)
T, =Ty +1T,+ 1Ty ®)

T1, T, and T} are the corresponding application times of the
voltage vectors respectively, while 7, is the sampling time.
The determination of times 77 and 75 corresponding to voltage
vectors are obtained by simple projections below [30]:

TZ * *
Th = gy (VB35 = V2vy) ©)
T
Ty = V2-2VE, (10)
Vdc

Ve is the DC bus voltage. The switching times (duty cycles)
can be calculated as in a mathematical expression below:
T _ T, -1y T,

aAoN 2

(1)

Toon =Taon +T1
Teon =Toon + 12

12)
13)

Table III presents a summary of the switching times (output)
for each sector.

V. TWELVE SECTORS DTC SCHEME

In the conventional six sectors DTC, two switching states
per sector, which are V; and Vi3, are not considered in
the traditional 6-sector DTC. Thus, the torque control is
ambiguous. Instead of moving the first sector from A sector
shifting takes the first sector from (HT’T to %), the sector
shifts from (0 to %), creating a new switching table. It does,
however, have two unused vectors per sector (i.e., V4o and
Vi;—_1), which creates an ambiguity in the flux control rather
than the torque. Therefore, another strategy was developed
which divides the circular flux locus into 12 sectors instead of
6, as shown in Fig. 3. Consequently, each sector uses all six
states and ambiguity in torque and flux control can be avoided
[31].

In the 12-sector DTC, the vector V; produces a large
increase in flux and a small increase in torque for sector 12.
On the other hand, V5 results in a large increase in torque and
a small increase in flux. Therefore, the recent variations of
small and large torque must now be defined [32]. As a result
of this concept, the hysteresis band of the torque is divided
into four. Then, the 12-sector switching table is provided in
Table IV.

Several studies stated that the increase of the number of the
sectors reduced the high ripples and current harmonics slightly
[33] [34] [35]. Moreover, the addition of SVM algorithm
provides good dynamics in high and low-speed range [36]. The
diagram of torque and flux control based on the proposed 12-
sector DTC with SVM algorithm is represented in Fig. 4.

Vs

Fig. 2. Reference vector as a combination of adjacent vectors at sector
1
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VI. RESULTS AND DISCUSSION

A comparison of the traditional DTC and the proposed
twelve-sector SVM-DTC is presented in this paper. In
MATLAB/Simulink, the DTC control algorithms for a
three-phase 3kW squirrel-cage induction motor drive were
simulated. Table I shows the list of machine parameters used
for simulation.

The test in Fig. 5 presented the starting up of the induction
motor according to a low speed-step of 10 rad/s. Then, a
load of 10 N.m was applied at t;=0.6s and removed at t3=1.6s.

Both techniques had good dynamics when starting up, as
shown in Fig. 5. The applied load disturbance was quickly
rejected in speed regulation loop. The proposed SVM-DTC
in Fig. 5 (b) maintained similar speed response as the
conventional DTC in Fig. 5 (a). The transient response was
identical in both schemes because the same PI speed controller
was used.

Following that, the load-applied responses of the torque
were illustrated. The speed controller initially operated the
system at its physical limit. Compared to the conventional
DTC in Fig. 5 (c), where the high torque ripples exceeded
the hysteresis bound, the DTC-based electromagnetic torque
control performance in Fig. 5 (d) had a reduced level of ripples
due to the use of SVM. Moreover, according to the Fig. 6,
the proposed SVM-DTC has a lower THD level (33.50%) in
Fig. 6 (d) compared to conventional DTC (64.53%) in Fig. 6

(c).

Table III. Switching times for each sector

(20 | Sn [ 82 [ 8 | S [ S5 [ So |
Sa Toon Taon Taon Teon Toon Teon
Sy Taon Teon Toon Toon Teon Taon
Se Teon | Toon | Teon | Taon | Taon | Thoy

1
V3(0,1,0) : Vo(1,1,0)

Vs (0,0,1)

Fig. 3. Voltage space vector in twelve sectors case

Analysis and observations of the stator flux will be shown
shortly in the following sentences. Both the conventional DTC
and the proposed SVM-DTC showed sinusoid waveforms
in their flux responses. However, the conventional DTC in
Fig. 5 (e) showed a chopped sinusoid waveform of flux which
indicates the high harmonics level, while SVM-DTC in Fig. 5
(f) showed a smoother one. It can be justified in the next
Fig. 6 where the proposed SVM-DTC had a lower THD level
(75.36%) as in Fig. 6 (b) compared to the conventional DTC
(97.68%) in Fig. 6 (a).

The stator flux evolution, such as its magnitude and circular
trajectory, can also be observed in the simulation results. For ex-
ample, according to stator flux magnitude, the ripples exceeded
the hysteresis bounds, which can be seen in Fig. 5 (i). Moreover,
due to the changing of the zone, the flux initially takes a few
steps before achieving the referenced flux magnitude (1 Wb)
(Fig. 5 (k). Also, the stator flux components show an acceptable
waveform but high level of ripples. The proposed SVM-DTC
showed reduced level of flux ripples, faster magnitude tracking
at the initial state, and better components waveform than the
conventional DTC. This is due to a better zone selection
operation of the stator flux vector in the proposed technique.
The zone selection operation can be seen in Fig. 5 (D).

VII. CONCLUSION

The design and simulation of improved DTC had been con-
ducted for the induction motor system. Overall, the proposed
method can make the system perform dynamically well while
being operated at a low-speed range. When a load was applied
suddenly to the system’s simulation, the system responded
well, which indicates faster dynamics. The novel improvisation
technique was also proven to give finer torque pulsation and flux
distortion. The flux ripples were reduced, magnitude tracking
had a faster start-up, and waveforms had better components
than the system response of conventional DTC. Based on the
experiment results, a system implemented with the proposed
method was highly-efficient and precise; the addition of the
SVM algorithm and number of sectors plays a critical role in
the augmented system’s performance.
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