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1. INTRODUCTION

A simple control structure of DTC that has been proposed by Takahashi [1] has gained popularity in

industrial motor drive applications. Due to its simpler control structure and faster dynamic control compared
to FOC system, the popularity of DTC system is increased rapidly in the past decades [1]-[3]. In FOC, the
torque and flux are controlled based on stator current components whereas in DTC, the torque and flux are
controlled directly and independently via an optimized selection of voltage vectors using look-up table.
In order to fully utilized the power and lengthen the life span of induction motor, an optimal efficiency of the
drive system is an important factor to be implemented in EV applications. Usually, induction motors are
operated at light load and thus, supplying the motor at its rated flux will decrease the power factor and
efficiency of the drive [4]. Two main methods have been proposed to maximize efficiency in DTC drive
system. These methods are known as flux search controller (SC) [4]-[12] and loss model controller (LMC)
[13]-[16]. The former method measures input power or stator current of the system while decreasing the flux
value in a consecutive step. When the input power or stator current is at its minimized value, the optimal flux
is obtained. Meanwhile, by applying loss model equations, the optimal flux of latter method is determined.
When copper losses are approximately equal to iron losses, the optimize efficiency of drive system is
achieved.

Several modifications to the voltage vectors are carried out to improve the performance of DTC
drive system. In terms of reducing the current and torque ripples, the voltage vectors in [17] and [18] are
generated based on the flux and torque errors by using the discrete space vector modulation (SVM). The
cycle period is divided into three time interval equally and thus, 19 voltage vectors are produced in each
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sector with four look-up table for low, medium and high motor speed. But to improve the torque response of
DTC, the voltage vectors in [19] is estimated in a deadbeat tehnique to control the flux and torque directly.
Then, the SVM is applied to calculate the duty cycle of inverters. A more simplified method is proposed in
[20] by holding a voltage vector within a subsector. Each of the flux sectors is divided into two subsectors
equally, identified as former and latter of subsectors. During the torque increasing, the voltage vector that is
applied to increase the flux will be activated at the former of subsectors whereas the voltage vector that is
implemented to decrease the flux will be applied at the latter of subsectors.

Researchers have been working on the modification of voltage vectors in recent years but there is
still no suitable method to achieve the fast instantaneous torque response of DTC drive during efficiency. In
open-end induction machine, two voltage source inverters are required to connect to each side of phase
windings in order to produce 12 active voltage vectors and two zero voltage vectors [21]. But in this paper,
the 12 active voltage vectors are obtained without adding additional voltage source inverter. The proposed
voltage vector is obtained by adding two adjacent conventional voltage vectors. During transient state, a total
of 12 voltage vectors can be applied instead of six voltage vectors in conventional DTC. In the modified
DTC, the flux sector is divided into 12 sectors. When the torque is increasing, the proposed voltage vectors
are applied to the even sector (or odd sector) when the flux is required to increase (or decrease). As proven in
the simulation results, the modified look-up table of DTC drive systems enhances the torque response during
efficiency.

2. CONVENTIONAL DIRECT TORQUE CONTROL

The simple control structure of DTC is illustrated in Figure 1. This control system consists of three-
phase voltage source inverter (VSI), hysteresis comparators, stator flux and torque estimators, as well as
look-up table. Since the stator flux and electromagnetic torque are decoupled, they can be controlled
independently by using two-level and three-level hysteresis comparators, respectively. To satisfy its flux and
torque requirement, an appropriate voltage vector is selected based on look-up table, as shown in Table 1.
Then, the induction machine is operated based on the switching state of selected voltage vector.
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Figure 1. Simple Control Structure of DTC

Table 1 Conventional Look-Up Table

Torque Sector

Flux Error Error 1 2 3 4 5 6
1 V, Vs V, Vs Vs V,

1 0 Vo V7 Vo \% Vo V7

1 Ve V; V, Vs V. Vs

1 V3 V4 V5 Ve Vl VZ

0 0 i Vo i Vo \ Vo

1 Vs Vs V; V, Vs V.4

As illustrated in Figure 2(a), the circular stator flux is divided equally into six sectors, with 60° apart
from the adjacent sectors. A three-phase voltage source inverter (VSI) is required to convert the DC-link
voltage to the desired AC voltage. In each inverter leg, there are two power switches that are complementary
to each other. The switching state of an inverter leg is 1 when the upper switch is ON and the lower switch is
OFF, and vice-versa. Therefore, the VSI can be simplified into three two-position switches and the switching
states can be represented in square brackets [S, Sp S¢]. The voltage vector of the corresponding switching
states is shown in Figure 2(b). The combination of switching states can produce two zero voltage vectors and
six non-zero voltage vectors.
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Figure 2. (a) Circular Stator Flux, and (b) Conventional Voltage Vectors

3. RESEARCH METHOD

In conventional method, the six non-zero voltage vectors has limited effects on satisfying the torque
and flux error. Thus, a proposed voltage vector of 30° adjacent to conventional voltage vector is produced by
applying the addition of voltage vectors. In Figure 3(a), adding V3 to V, will obtain V34, and their respective
equations are calculated in (1). The switching state of proposed voltage vector can be achieved by applying
the duty cycle’s method, as shown in (2). Based on Figure 3(b), the black line illustrates the conventional
voltage vector and blue line indicates the conventional voltage vector that is required to produce the red line
of proposed voltage vector. Since the switching of voltage vector is undetermined in DTC drive system, a
flux differentiation can be used to determine the total period of signal. The flux differentiation is achieved
when the stator flux is increasing from optimal to rated flux.

Vs,3—4 = [(Vsd,3 + Vsd,4)v (Vsq,3 + Vsq,4)] €y
D =% 100% ()

where D is the duty cycle, T is the activation time of each conventional voltage vector and P is the total
period of a signal.
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Figure 3. (a) Vector’s Parallelogram Law, and (b) Duty Cycle’s Method

As stated in [22], the switching of voltage vector to increase or decrease the flux is more regular in
the middle of a sector compared to the beginning and end of a sector. Thus, each of the sectors in circular
stator flux will be divided into two subsectors equally, as illustrated in Figure 4(a). Table 2 is a look-up table
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that has been modified according to the proposed voltage vector and modified sector. Based on Table 1 and
Figure 2, the V3 is applied to increase the flux whereas V, is applied to decrease the flux in sector 2. Both of
V3 and V, are capable to increase the torque as well. But according to Figure 4(a), the sector 2 in Figure 2(a)
is divided into two equally sectors, namely as sector 3 and 4. The principle for application of voltage vector
to increase or decrease the flux is depicted in Figure 4(b). In sector 3, the V5 is applied to increase the flux
whereas V3, is applied to decrease the flux; meanwhile, in sector 4, the Vi, is applied to increase the flux
whereas V, is applied to decrease the flux. Note that the V5 and V, are triggered four times but Vs, is
activated once only to reach the upper hysteresis band at sector 4. For the same degree of sector, two voltage
vectors have been selected to increase and decrease the flux in conventional method whereas three voltage
vectors have been applied to increase and decrease the flux in the proposed method.
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Figure 4. (a) Circular Stator Flux, and (b) Circular Flux Control

Table 2 Modified Look-Up Table

Flux Torque Sector
Error Error 1 2 3 4 5 6 7 8 9 10 11 12
1 V, Va3 Vs %™ Vs Vus Vs Vs Vs V1 Vi Vi,
1 0 Vo Vo \/ \ Vo Vo A\ \ Vo Vo A\ A\
-1 Vs Vs Ve.1 Vi Vi V, Va3 Vs Vi, Vs Vs Vs
1 Vo3 Vs Vis Vs Vs Vs Vs Vs V1 A\ Vi, V,
0 0 \ \/ Vo Vo \ \ Vo Vo A\ \ Vo Vo
-1 Vs Vs.g Vs V-1 Vi Vi Vs Va3 Vs \ \ Vs

Activating the proposed voltage vector can reduce the switching of voltage vector and thus, it does
not increase the torque ripple. The torque is more dynamic when it is at the beginning of a sector [22]
because the corresponding voltage vector is activated for a longer period. Hence, it can be seen that in Table
2, the same voltage vector is activated even the flux goes into the next sector. In conventional method, the
torque response is deteriorated, especially when the flux is at the end of a sector. But with the proposed
voltage vector, the torque response is enhanced even at the end of a sector due to the longer activation period
of a voltage vector.

4. RESULTS AND ANALYSIS

The simulation of DTC drive system has been constructed using MATLAB’s SIMULINK blocks, as
shown in Figure 5. The specifications and parameters of induction machine used in the simulation are given
in Table 3. The modified look-up table has been attached in parallel to the conventional look-up table. In
order to improve the dynamic of output torque, the modified look-up table is implemented only during
transient state. Meanwhile, the conventional look-up table is applied during steady-state.
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Figure 5. Simulation of DTC Drive System

Table 3. Specifications and Parameters of Induction Motor

DC voltage 150V

Stator resistance, R 9.9Q

Rotor resistance, R, 8.15Q

Stator inductance, L 278.6mH
Rotor inductance, L, 285.3mH
Mutual inductance, Lpy 265.1mH
Frequency,f 50Hz

Inertia motor, J 0.001118kgm?
Viscious friction, B 0.0006076Nms
Load torque, Tiead 0.085Nm

Pole pairs, p 2

Sampling time 55us

Rated flux 0.3492Whb
Rated torque 1INm

Rated current 1.4A

When a step speed and flux are detected, the modified look-up table will be implemented. The
activation time of proposed method is determined by a flux differentiation. The flux differentiation is
obtained when the flux is increasing from optimal to rated value. The time taken for flux to reach its rated
value can affect the torque performance. Thus, an analysis of the flux differentiation at the beginning, middle
and end of a sector in conventional method has been simulated to obtain the best performance of torque
response. As illustrated in Figure 6, the sector 2 and the flux differentiation with slope of 10 to 100 has been
examined. Figure 6(a), 6(c) and 6(e) showed the flux differentiation with slope of 10 to 100 and the best
performance of flux differentiation for dynamic torque response is depicted in Figure 6(b), 6(d) and
Figure 6(f). At the beginning of sector 2 (Figure 6(a) and 6(b)), the torque response is dynamic regardless of
the slope of flux differentiation. At the middle of sector 2 (Figure 6(c) and 6(d)), the flux differentiation with
slope of 10 and 30 has the dynamic torque response whereas the flux differentiation with slope of 40 has
deteriorated the torque response. Meanwhile, at the end of sector 2 (Figure 6(e) and Figure 6(f)), the flux
differentiation with slope of 30 to 70 has improved the torque response while the torque response is degraded
with the flux differentiation of slope of 100. Consequently, the flux differentiation with slope 30 is being
applied in the system due to its best performance in spite of the position of flux sector. The time required for
the increasing optimal flux to rated flux is 1.6ms, as estimated from the flux differentiation in Figure 6.
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Figure 6. Flux differentiation at the (a) - (b) Beginning, (c) - (d) Middle, and (e) - (f) End, of a sector.
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Besides the activation time of modified look-up table, the duty ratio of the proposed voltage vector
has been investigated also to study its effect on torque response. Different activation time of each
conventional voltage vector to produce proposed voltage vector can affect the performance of the torque
response. Since the torque response is most degraded at the end of a sector in conventional DTC, the duty
ratio has been analysed at the end of sector 2, as demonstrated in Figure 7. The duty ratio of 10% to 90% has
been simulated and shown in Figure 7(a) whereas a few duty ratios are selected at Figure 7(b) for a clearer
observation. The torque reponse is most deteriorated for duty ratio of 90% as it required 2.8ms to reach its
rated torque. Meanwhile, the torque response is improved when the duty ratio of 50% is applied and it needed
2ms to achieve its rated torque. By applying duty ratio of 10%, the most improved torque response can be
achieved as it required 1.1ms to reach its rated torque. Therefore the duty ratio of 10% is implemented in the
proposed DTC. For example, in order to produce V3,4, the Vs is activated for duty ratio of 10% and V, is
triggered for 90% of duty ratio.
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Figure 7. Application of duty ratio

With the activation time of modified look-up table for 1.6ms and duty ratio of 10%, a step speed of
80rad/s to 100rad/s and a step flux of 0.3Wb to 0.3492Wb has been implemented to the drive system at
different position of flux sector. At t=0.995s, a step speed and flux has been applied in which it is at the
beginning of sector 2 in conventional DTC and sector 3 in proposed DTC, as illustrated in Figure 8. Note that
the flux sector is defined differently in conventional and proposed DTC. In both of conventional and
proposed DTC, the torque required 1.1ms to reach its rated torque. This is because the V3 [110] which is
tangential to the stator flux is activated to increase the torque and flux. Thus, the performance of flux and
torque in conventional DTC is similar to those in proposed DTC.

Then, a step speed and flux is applied at t=0.997s, at the middle of sector 2 in conventional DTC but
in proposed DTC, it is at the end of sector 3 and beginning of sector 4, as depicted in Figure 9. In
conventional DTC, the torque response needed 2.7ms to reach its rated torque. This is because the V3 [110] is
activated longer than V, [010]. Note that the torque response is dynamic at the beginning of activation of V3
but it is degraded after some time. Meanwhile, the V, showed a more dynamic torque response compared to
V. Therefore, to improve the torque response in proposed DTC, the V3 is activated in sector 3 and when the
flux is in sector 4, the V34 is activated. Even though the V3 is activated for a very short period in sector 4, it
does give a big impact on the torque response. Indeed, the torque response required 1.6ms to reach its rated
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torque and the torque performance is improved by 1.1ms. However, activating V, for a longer period caused
the flux to be reduced.

In Figure 10, a step speed and flux has been applied at t=1.0s in which it is at the end of sector 2 in
conventional DTC and sector 4 in proposed DTC. The torque response in conventional DTC required 2.8ms
to reach its rated torque. Activating the V5 [110] at the end of sector 2 deteriorated the dynamic torque and it
is enhanced by V, [010] when the flux enters sector 3. In proposed DTC, the V3, is activated and even the
flux enters sector 5, V, is still triggered to increase both of flux and torque. Consequently, the torque
response in proposed DTC achieved its rated torque at 1.1ms and it is improved by 1.7ms compared to
conventional DTC.

- 110 = 1o
z 2 :
— o :
D%% =In} 02 % o DT e 4
=& 2E ; :
5 _ 5
= 0 ; : =
0.95 1 1.05 1.1 :

. 0.38 T E
e =
= =
™ : =
in : i

0.26 L

- i)
g =
E gd—\-\
= [
= £
= o
5 £
S ]
Time (s)
(b)

3 : =3
= J =
*au: 2 l( foo "05; 4
i3] : 5]

1 L

i ; ] | M ;
0.924 0.956 0.5995 1 1.002 0.994 0.996 0.993 1 1.002

3a
]
o m

=h
o

: i e - 1 = ; R R T T —
: : : 205 | M1 [ | | U | I H 1
sl T soslll] 1]
e : 0 D994 099 0998 1 1.002
' ' Titne (s) ' Time {s)
(©) (d)

Figure 8. Beginning of sector for (a) and (c) Conventional DTC, and (b) and (d) Proposed DTC
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5. CONCLUSION

Due to the limited number of voltage vector, the selection of voltage vector to satisfy the torque and
flux requirements is restricted. By adding two conventional voltage vectors, the number of voltage vector can
be increased in which 12 voltage vectors can be produced by three-phase VSI. The increasing number of
voltage vectors does not increase the complexity of DTC drive system. A modification to the look-up table
has been constructed for the implementation of proposed voltage vector. Based on the results, the torque
response is improved regardless of the position of flux in the sector. Therefore, the efficiency of the drive
system can be achieved and at the same time, the torque response is enhanced during efficiency with the
implementation of proposed DTC.
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