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Abstract

Three-phase induction motors as widely used electric drives in industry, automation, transportation
and electric vehicles are mainly controlled by two conventional methods, vector control (VC) and direct
torque control (DTC). The vector control method has a suitable steady state response, but in terms of
dynamics and time to reach the steady state, it provides a relatively slower response. In contrast, the
direct torque control method works almost the opposite way and provides a better dynamic response.
Therefore, providing a control strategy that combines the advantages of the two mentioned methods as
much as possible improves the driving performance of the induction motor. This paper presents a hybrid
control method based on the optimal keying table to select the appropriate keying modes for the
induction motor drive converter to improve the output dynamic response. To reduce current and torque
ripples in different operational states, the space vector modulation technique has been used in the
proposed drive system. The efficiency of the drive system presented with the hybrid control strategy has
been compared with the conventional DTC and VC control methods, and the results illustrate a faster
dynamic response of the proposed drive system with less steady-state ripples than the two conventional
methods. Modeling and implementation of the proposed drive system have been performed in
MATLAB/Simulink software.

Keywords: Hybrid vector control, three-phase induction motor, direct torque control, space vector
modulation, torque ripples, switching table.

speed. There are also applications in which

1. Introduction speed control is performed in a small range,
In recent years, induction motors have been for example, from the base speed to 80% [1].
used only in constant speed applications According to the ideal speed-torque
whereas in variable speed applications, dc characteristics of a variable speed induction
motors have been employed. This is due to motor drive, the induced voltage 1is
the fact that the conventional methods of proportional to the flux and speed, and on the
controlling the speed of induction motors other hand, the generated torque is
have been uneconomical and have low proportional to the flux and current.
efficiency. The range of speed changes of the Therefore, the upper limit of the machine
motor drive depends on the type of drive speed is determined by the maximum
application. In some motors, the drive speed permissible speed of the rotor assembly or
must be controlled between the nominal the rated voltage of the motor [2].
speed and 10% of the nominal speed, and in So far, several control algorithms have
some other applications, it is necessary to been presented to achieve goals such as
control the engine speed above the base response accuracy in steady state, high
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dynamics, simplicity of the control system,
efficiency, low cost, reduction of torque
noise and sound [3]. Vector control (VC) and
direct torque control (DTC) are two
conventional methods for controlling
induction motors, of which different types
have been presented and used in various
applications. The control algorithm of the
two mentioned methods is almost similar in
some cases and completely different in
others. Each of the control methods, due to
their general structure, has advantages that
lead to a better response compared to other
methods [4]. The vector control has a better
and more suitable steady state response,
which can be due to the existence of direct
control over the current. In this way, in the
steady state, the amount of output
fluctuations is less [5]. The DTC method
provides a faster torque response, which is
due to the rapid selection of the position of
the electronic power switches. In fact, the
reason for the fastness of DTC can be seen
in the keying table, which, by using this
table, instead of the time-consuming and
time-consuming method of pulse width
modulation (PWM), selects the
predetermined modes for keying. On the
other hand, the use of fast hysteresis

only

controllers that make the entries of the
keying table also plays an essential role in
the fast operation of DTC [6]. The most
important drawback of vector control
compared to direct torque control is its
relatively long dynamic time, which is due
to the use of PWM method [7].

If the vector control system can be used
together with the switching table, the time to
reach the permanent state in the DTC
method can be significantly reduced.
Therefore, in this paper, in order to improve
the performance of the induction motor drive
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system based on the vector control method,
the switching table has been used. In fact,
regarding the structure of the presented
hybrid control system, it can be noted that
this system includes the stator current
control similar to the vector control method
along with the switchung table similar to the
DTC method. Therefore, most of the
solutions that have been provided to improve
the response of the two mentioned methods
can also increase the efficiency of the new
system. Among the advantages of the
proposed control system, the following can
be mentioned:

e Using the optimal switching table in
the proposed hybrid control system
similar to the DTC method to improve
the performance of the drive system.

e VC and DTC control methods at low
speeds face the problem of reducing
the back EMF, which leads to incorrect
estimation of the original waveform.
Sensorless vector control is able to
work at lower speeds. A hybrid of two
estimators such as Kalman filter to
estimate rotor flux and speed can be

effective in  improving system
performance at low speeds.
e Using the switching table and

hysteresis controllers in the presented

hybrid method leads to a reduction in

the ripple of the motor output torque.
The rest of the paper is organized as, first,
the mathematical equations of the induction
motor and the hybrid control system are
presented and its modeling is performed in
Matlab/Simulink software. Finally, the
results obtained for conventional and new
induction motor drive methods are
illustrated and compared to validate the
system performance.
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2. Topology and Operation of the
Proposed Drive

The six voltage vectors used for torque
and flux control in a conventional induction
motor are obtained from a three-phase
voltage source converter shown in Fig. 1.

From Fig. 1, S,,Sp,Sc are the modes of

the upper switches. The lower switches are
always complementary to the upper switches
to avoid short circuit. The states of each
switches are defined as 1 when the switch is
on and 0 when the switch is off. Therefore,
there are eight possible outputs for the
converter that can feed the induction motor.

[
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Fig. 1.Three-phase voltage source inverter
for induction motor.

Fig. 2.Applied voltage vectors to induction
motor drive.
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Considering the drive’s inverter feeds a
symmetric induction motor with a star
connection, the phase voltages Va.,Vp,Vc

generated by the converter must meet the

following condition

Vo +V,+V.=0 1)
By expressing the phase voltages

according to the switching modes, the space

voltage vector can be obtained as

- 2 2m _jm
Vo=2V(s,+Spefs +5.73) (2

As can be observed in Fig. 2, the space
voltage vector v/ has eight different values

V 1n which (k =0,...... ,7). Though the two

space vectors for k =0 and k=7 are zero
vectors, the corresponding vectors with
k=1234/56 have amplitudes 2/3V and
angles (k —1)(zz/3). As shown in Fig 7, when
the flux magnitude needs to be increased; a
voltage vector with a phase shift greater than
90 degrees is applied to the existing flux
vector . Conversely, if a reduction in flux

size is desired; The value of the mentioned
phase shift will be less than 90 degrees [8].

Defining the duration of applying each
voltage vector is determined based on the
hysteresis band related to the hysteresis
controllers, and if this duration is constant;
The switching frequency will also be
constant. Of course, the hysteresis band of
two controllers in the DTC method can be
adjusted so that the average switching
frequency remains constant. The selection of
the appropriate voltage vector is done based
on the keying table shown in Table 1. The
input quantities are the stator flux position
and the outputs of two hysteresis
comparators [9].
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Table 1. The pattern of voltage vectors

Sector 1 2 3 4 5 6

CT — — — — — —

NV [V |V Vs | Ve |

oo -T2 1.1 1. 12

=-1| _ 0 \ Vo \& Vo \& Vo

N AR A A R AR A A
=+1

Cr I O N R

. Vo |V, | Vs | Vs |V, |V,

C CT — — = = = =

v ARARA R AR AR
=+1| =0

CT — - - - = =

V. V, V. V. V. V,

— +1 5 6 1 2 3 4

2.1. Hybrid Control System

The conventional hybrid control method
includes the combination of vector control
and direct torque control, which has some
advantages and disadvantages. In the
previous section, it was shown that there is a
direct relationship between the hysteresis
control of the stator coupling flux in the
DTC method and the direct current axis
control in the VC method. Also, the
hysteresis control of the electromagnetic
torque in the DTC method is proportional to
the vertical axis current control. These cases
are the main idea of forming a new drive
control system based on the common
principles of the two methods, so that the
new method has a combination of the
advantages of the two mentioned methods.
In other words, the new control system will
not have some problems related to VC and
DTC. It is clear that the DTC method
provides a faster torque response, which is
due to the quick selection of the position of
the power electronic switches. In fact, the

25

reason for the speed of DTC can be seen in
the switching table, which, by using this
table, instead of the time-consuming PWM
method, only selects the predetermined
modes for switching. According to the above
explanations, it seems that the switchig table
and hysteresis controllers are among the
advantages of the DTC method over the VC,
which can be used in the structure of the new
system. Fig. 3a shows the part of the
switching table and hysteresis controller
proposed for the new method.

Hysteresis controller

I~

I I
— —>
| D ' | Switchin
| | o 9
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I J:Fr |
I I
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. controller
. Ids
i
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* table
0O 1
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(b)

Fig. 3. Block diagram of the torque and flux
control; a) based on the switching table and
hysteresis controllers, b) combined with
stator current control.

In the vector control system, instead of
torque and stator flux, the d and g axis
currents of the stator are controlled. In this
way, g-axis current is used for torque control
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and d-axis current is used for flux control.
Therefore, in this method, there is no need to
calculate the actual torque and flux. While in
the DTC method, to create the inputs of
hysteresis controllers, it was necessary to
calculate the actual flux and torque
separately using the measured parameters
and compare them with the reference values.
Not needing to calculate torque and flux is
an advantage for the vector control method
that can be used in the new control system.
Fig. 3b shows the block diagram of the
combination of VC and DTC methods.

Vector control

Direct torque control

The main idea of the hybrid control
system was explained in the previous section
and the main part of the structure of this
system was also shown in Fig. 3. Fig. 4
shows the drive control system of the
induction motor that has hysteresis
controllers of d and q axis current (similar to
VC method) and a keying table (similar to
DTC method) [10].

rh
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Fig. 4. Block diagram of the hybrid control system.

2.2. Vector Control Part

The current decoupling block is an
advanced or indirect method for making the
reference flux line, which requires
information about the machine parameters as
well as  simultaneous  calculations
corresponding to the current separation
network. In indirect vector control, the
separation of axis current in vector control in
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the reference frame of the rotor flux is
obtained by using Fig. 5 [11].

Vi > — |_—> Ids
Lm
Te—> > Igs
_>)/
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Fig. 5. Block diagram of the current
decoupling part.

where in Fig. 5, S, is motor slip as S, =
2e_®r . and w, parameters are the angular

e

speed of the rotor flux and the angular
velocity of the rotor, respectively, T, is

motor time constant, and vy is the difference
of the rotor angular position and the rotor
flux.

The input angle @ to the reference frame
conversion block is the sum of the rotor
angle and the sliding speed angle. The rotor
angle is obtained by integrating the actual
measured speed of the motor and the slip
angle is obtained by integrating the slip
speed inside the flow separation block (Fig.
5). By combining these two angles, the
direction of the reference flux is obtained
and by using it, the measured three-phase
currents of the stator can be converted into
two-phase. In this way, the d and g axis
currents of the stator (real and reference) will
be available. The difference of both pairs of
corresponding currents forms the outputs of
the vector control part, which are used as the
input of the DTC part.

2.3. DTC Part of the System

In direct torque control, changes in torque
and stator flux were the inputs of hysteresis
controllers. In the new control method, there
is no need to calculate the actual torque and
flux, and the inputs of the hysteresis
controllers will be the changes in the
currents. In this way, current errors lead to
the creation of two switching table entries.
The third entry in the above table is the status
of the stator current. The position of the
stator current input to the switching table is
obtained according to the diagram of the
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current and flux vectors. With the values of
currents igs and igs, you can easily get the
value of angle a. Since the mentioned
currents are in the reference frame of the
rotor flux, therefore, the mentioned angle
will be obtained as follow

a=tan?! (i:—i) 3)

By calculating the above angle and adding
it to the angular position of the rotor flux,
which was obtained in the vector control
part, the third input of the switching table
will be available.

Table 2. The pattern of voltage vectors for

hybrid control method
Sector 1 2 3 4 5 6

Kq — — — — — —
Vol Va | Vo | Vs | V6| Vg

=-1
Vil Vo | V2 | Vo | V7| Vo
Kq — — — — — —
Ve | Vi | Vo | V3 | Vo | V5
Ke |- |- 12 =12 |-
V3 | Vo | Vs | Vg | Vi |V,

=-1
\"/ V. \Y/ V V V
=+1| = 0 0 7 0 7 0 7
Kq — — — — — —
V. |V, |V, |V, |V, |V,

= +1

In order to enter the switching table, the
region where 1, is located should be
determined based on the angle and position
of the current, and according to it and the
outputs of the two hysteresis controllers, the
appropriate voltage vector should be
selected. In this way, three entries of the
switching table including K, Kq and current
status are entered into the table. The method
of choosing the appropriate voltage vector is
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completely similar to the DTC method. The
switching table selects the appropriate
voltage vectors by deciding on the states of
the inverter keys. The switching table
produces 8 voltage vectors, including two

zero vectors. The non-zero voltage vector V;

to VG are shown in Fig. 2. Inputs and selected
voltages are performed in a combination
method according to Table 2.

According to Fig. 4, among the parts that
have been removed in the hybrid control
system compared to conventional methods,
the following can be mentioned:

e Pl controller or other current
controllers

e Complex and time-consuming PWM
method

e Conversion block from two-phase to
three-phase frame which is usually
needed in VC method.

In fact, it can be noted that the new system
is a current vector control system by
selecting the DTC voltage vector.

2.4 Space Vector Modulation (SVM)

In the conventional DTC method, the
switching frequency changes with the speed
change due to the limitation of the torque
ripple between two hysteresis bands. In
addition, the amount of torque ripple at low
speeds is also high. By using a constant
switching frequency, the amount of
acceptable torque ripples can be achieved in
permanent mode and at low speeds. Several
methods have been used for this purpose,
one of which is SVM. In the SVM method,
a predictive method is used in each time
interval to obtain the required voltage vector
so that the torque and flux errors are
accurately compensated. In SVM-DTC
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method, steady state fluctuations of torque
are well improved and the switching
frequency is kept constant. SVM is based on
the switching between two adjustable
boundary active vectors and a zero vector
during a keying period, T, and for an
assumed reference voltage vector in the first
region (0-60 degrees) is shown in Fig. 6.

d
(@
1 : : Phase A
0 L
1 | | Phase B
0 —
1 | ‘ Phase C
|
0 o
To | Tl | T2 | T7
e
(b)

Fig. 6. SVM in first mode; a) switching
pattern for three-phase modulation, b)
reference voltage vector.

The switching times can be obtained from
the following equation:
vs* =Vsq + jvsq (4)
where v g4 and V gq are obtained from the

corresponding voltage vectors for each
assumed section.

T, Vs = TaV; + TV, (5)
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TA\EVdc (;)58] + TBf de [Z?r?((:;%)

cosy
TZ\/gdea [Siny (6)
. sin(mt/3-y)
Ta=T,a sin(m/3) (")
_ sin(y)
Ty =Ta sin(m/3) ®)
To=T,=T,-Ts __TA 9)
0<y<m/3,a=—2 (10)

\Evdc

The reference vector with constant size
and frequency is sampled in constant mode
in equal time intervals in T.. In this sampling
interval, the inverter is turned on and placed
in different switching positions so that the
average space vector produced during the
time interval is equal to the sampled value of
the reference vector, which is considered to
be equal both in terms of size and angle.

The switching positions that can be used in
T, include the zero position and the active
positions that are Sa and Sg with the
corresponding vectors Vi and V> that form
the beginning and end of the region.

Two switching positions Sa and Sg are
called active switching positions. Sa shows
the switching positions (010), (100) and

Vector control

SVM Direct torque control
-------- -
* *

(001) of the inverter, while Sg shows the
positions (011), (110) and (101). The active
vector times Ta and Tg are the times that
include the switching positions Sa and Sg,
respectively. The times of the neutral vector
TO and T1 are also called the times that
include the keying positions SO (000) and S7
(111), respectively. In DTC combined with
space vector pulse width modulation, DTC
transient mode performance and its
continuity are improved and permanent
mode fluctuations are significantly reduced.
In addition, the inverter's switching
frequency is fixed and controllable.

Fig. 7 illustrates the block diagram related
to the application of SVM-DTC method in
induction motor drive. According to the
proposed block diagram, the hysteresis
controllers, which were the main cause of
steady-state fluctuations, have been removed
and replaced by PI controllers. The vector
control part has exactly the same
characteristics as the previous hybrid
control, and the angle is the same as the
angle used in the normal hybrid method
(stator current vector angle).

([ .

| Yoyl current |ls v S% v S’Q |

| , |[decoupling| . ejt9 SVM

| Ley| network [ !sq > >
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Fig. 7. Block diagram of the hybrid control system with SVM-DTC.

3. Simulation Results

In this section, the simulation results
obtained from conventional methods such as
VC, DTC, conventional hybrid VC-DTC
and the proposed hybrid method with VC-
DTC-SVM are compared. These methods
have been simulated in the Matlab/Simulink
software environment and applied to a three-
phase induction motor with the parameters
listed in Table 3 [12] under the same

conditions.

Table 3. induction motor parameters

Power 200Hp
Line Voltage 460 v
Pole pairs 2

Stator resistance 0.012 Q
Rotor resistance 0.008 Q
Stator inductance 0.2mH
Rotor inductnce 0.2mH
Mutual inductance | 9.5 mH
Inertia 3.1 kg.m?

In this rest, the comparison of the results
related to the control methods by applying
the same load is performed for them, and
in the steady and transient state, as well as
under load and speed changes, the
advantages and disadvantages of each of
them have been investigated and
compared with each other.

3.1. Results Under Constant Speed

The four discussed control methods are
applied to the induction motor with the
parameters listed in Table 3 and by
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simulating their performance, the obtained
results are compared. In all methods, the
motor speed is a constant value of 500
rad/s and the motor load is constant. After
the motor speed reaches the reference
value, the nominal load of the motor is
applied at t=0.9s and removed at t=1.2s.
Fig. 8 illustrates the speed of the motor
under control methods. In an ideal state, it
is desirable that for a set speed, the motor
speed remains constant with the change of
load torque from no load to full load, but
in practice, this is not the case, and as the
load increases, the motor speed decreases.
From Fig. 8, the dotted graph shows the
reference speed and the other graph shows
the actual speed. The transient state of the
speed occurs in a short period of time at
the beginning of the start-up, and after
reaching the constant speed, it shows
insignificant changes in relation to the
application and removal of the load. In all
graphs, the actual speed closely follows
the reference speed. It is clear that the
combined methods are able to control the
motor speed like the VC and DTC
methods. In all diagrams, at the moment of
applying the load, the speed drops by a
small amount. The time to reach the final
speed for all methods is 0.65 seconds.
The produced torque of the motor is
shown in Fig. 9. A load 600 N.m has been
applied to the motor at t = 0.9 s for 0.3
seconds. The waveform of the output
torque in the control methods is almost the
same and they differ only in the amount of
ripple and oscillation of the steady state.
Due to instant control of the current, the
amount of steady-state ripples of current
and torque will be low, while in the DTC
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method, due to the fact that there is no
accurate information about the current
during control, more fluctuations are seen.
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In the hybrid control system, the torque
ripple in steady-state mode is significantly
lower than the DTC method. Using the space
vector modulation method in DTC helps to
reduce the ripple as much as possible.

The torque responses are shown in Fig. 9.
After starting the motor and after the motor
speed reaches the reference value, a load
equal to 600 N.m is applied at t=0.9s for 0.3
seconds. The responce of the output torque
Is almost the same and differ only in the
amount of ripple and steady state oscillation.
In vector control, motor currents are directly
controlled. Therefore, due to the moment-to-
moment control of the current, the amount of
fluctuations in the steady state of current and
torque will be low, while in the DTC
method, due to the lack of accurate
information about the current, more
fluctuations in output torque and motor
current are created.

3.2. Results Under No-Load Speed

In this subsection, the performance of the
motor drive is investigated by the four
control methods. At t=0.6s the motor speed
is increased from the value of 300 rad/s to
500 rad/s and at t=0.9s it is returned to the
speed of 400 rad/s. Fig. 10 shows the
response of the motor speed to changes in
reference speed. According to these
waveforms, in all control methods, the drive
system is able to follow the reference speed
well and the presented control methods are
able to perform the same speed control as
other methods.

The torque response of the induction
motor for speed changes is shown in Fig. 11.
After the speed reaches the nominal value,
the motor continues to work with zero torque
and a speed of 300 rad/s until the speed
increases to 500 rad/s at 0.6 s. When the

speed reaches the desired value, the torque
becomes zero again until the speed is
returned to the initial value of 400 rad/s once
again and this time at 0.9 s. After this time,
a positive torque is applied until the motor
reaches the desired speed.

4. Conclosions

In this paper, by examining the common
principles of VC and DTC methods in
induction motor drives, a new control system
was introduced that has a relatively simple
structure and has better performance than
conventional methods. This system uses a
type of current vector control with DTC
based on switching table. In the hybrid
method, it was tried to combine the
advantages of each of the VC and DTC
methods to form a better control system.
Despite the fact that the combined system
has a better response compared to the first
methods, it is still possible to reduce the
amount of steady state ripple and transient
duration with other methods. By using the
space vector modulation, which has led to
the elimination of the switching table and
hysteresis controllers, the amount of steady
state ripples is significantly reduced. The
comparison of the performance of the motor
shows that the response of the new hybrid
control method has faster dynamics than
conventional control with less steady state
ripple than the DTC method.
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