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Stator flux fails to regulate at low operating speed condition is a common
drawback for the conventional direct torque control (DTC). It is due to the
inevitable of zero-voltage vector demagnetization that interrupts the
controlling of stator flux in DTC. Hence, a fixed sector rotation strategy is
one of the solutions to rectify the raised issue. The strategy is based on the
decreasing stator flux droop, which is an easy technique to change the sector
of flux locus at a specific angle. However, this strategy only focuses at low
operating speed. Thus, the stator flux droop effect at the various speed needs
to be analysed. In this paper, an investigation is conducted by using
simulation (MATLAB/Simulink) and experimental setup (dSPACE board)
where a good agreement has been achieved between the predicted and
measured results. The analysis taking into account between the conventional
method (without strategy) and the proposed method (with strategy). In

conclusion, the influence of stator flux droop is inversely proportional to the
operating speed.
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1. INTRODUCTION

In the application of AC drives, the potential of direct torque control (DTC) to give quick control is
gaining a lot of attention. Furthermore, rather than field oriented control (FOC), which was the first
implementation in electrical control, it became recognised for its simple features in control strategy [1]. The
DTC control technique is produced by selecting a voltage vector that allows the torque and flux to remain
within the hysteresis band [2]-[4]. The hysteresis-based DTC, on the other hand, has a number of problems,
including variable switching frequency, high torque and flux ripples, and worsening of stator flux regulation at
low speeds [5]-[10].

The great development of DTC is by using space vector modulation, commonly called as DTC-
SVM. This control strategy employs the synthesized principal in space vector modulator for sampling the
reference stator voltage [11]-[13]. Although the constant switching frequency and the minimal torque and
flux ripple are achievable, but it increases the burden in-computational of digital signal processing system to
implement SVM. Alternatively, a duty cycle-based strategy is introduced to solve the DTC problem by
controlling the torque slope profile through the adjustment of voltage vector within their stipulated [14]-[17].
However, the complex calculation is required to achieve the minimum torque ripple. Other effort is proposed
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by using multilevel inverter as [18]-[22] but it suffers to a large and complex algorithm in the look-up table
of DTC. Stator flux regulation in the DTC is degraded at low operating speed It is due to the unavoidable
demagnetization caused by the zero-voltage vector. As for the reason, the droop appears hence disturbing the
regulation of stator flux [23]. Several solutions for handling the stator flux problem are suggested in [18],
[24]-[27]. The simple strategy in [25] has described the stator flux is improved by using fixed sector rotation
strategy but only focuses at low-operating speed. Thus, this strategy is extended into this paper to analyse the
effect of stator flux performance in the various speed conditions. The investigation is conducted via
MATLAB/Simulink package and an experimental setup (an implementation of dSPACE DS1104 controller
board). Two conditions, a conventional method (without strategy) and a proposed method (with strategy) in
the DTC scheme are included for a comparison purpose.

2. PROPOSED STRUCTURE OF BASIC DTC

The basic drive control of DTC by Takahashi [4] is constructed with the addition of shifted angle
labeled as modified sector shown in Figure 1. The construction is built by using control element (torque and
flux hysteresis comparators), drive element (lookup table and two-level inverter) as well as feedback element
(voltage and current calculation, sector detection and also torque and flux estimators). It is modified by
adding the angle shifted Ad, in the sector detection to perform the fixed sector rotation strategy as proposed
in [24]. The AC machine in DTC is driven by using two-level inverter that produces eight voltage vectors as
illustrated in the mapping voltage vector in Figure 2 (a). The mapping vector as the switching state of
inverter is consisted of two zero voltage vectors (V0 and V7) and six active voltage vectors (V1-V6) in the
hexagonal diagram. The voltage vectors are adapted into six sectors which divided equally by 60° on the
stator flux d-q plane as illustrated in Figure 2(b). This sector is applied to perform the circular locus of stator
flux trajectory by using the two possible voltage vectors in order to either increase or decrease the stator flux,
@s. The two possible voltage vectors that applied as a tangential vector may produce the good torque
response in the DTC drive system [4].
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Figure 1. The basic DTC drive system with the addition of shifted angle labeled as the modified sector [24]
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Figure 2. The diagram of, (a) mapping vector of two-level inverter circuit and (b) d-g plane of stator flux
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3. STATOR FLUX OPERATION

In DTC, the variation of stator flux, ¢, is controlled by using two possible voltages as defined in
mapping vector. As shown in Figure 3 (a), such in sector VI, the active voltage vector 7, and ¥; are used to
increase or decrease the flux. After changing into sector, I, the active voltage vector alternates by using 75 to
increase flux while 7, to decrease the flux. It will produce the consistent variation of stator flux applied by
the same magnitude and angle of voltage vector and continuously applicable into the other sector. This case
is significant by ignoring the stator resistance as the stator flux is fully controlled by the voltage vector.

However, the case as mentioned previously is irrelevant at low operating speed. Normally, the
operation of torque (increase or decrease) is controlled by using active voltage vectors and also zero-voltage
vector [25]. Zero-voltage vector is applied whenever the torque is at a constant condition. When the motor
operates at low-speed, the demagnetization occurs as the stator flux movement is hold by decreasing the
torque using zero-voltage vector [24]. The expression of stator flux change using zero voltage vector is stated
in equation (1). As highlighted in (1), the stator flux is reduced by the expression of ohmic voltage drop
produced by stator resistance. The continuous reduction of stator flux beyond the lower band flux hysteresis
may cause the flux droop [25].

In order to overcome the problem, the fixed sector rotation strategy proposed in [24] is used to
reduce the stator flux droop at low operating speed. It is implemented by shifting the sector of stator flux, 8,,
by adding the shifted angle, A9 to the original angle at sector detection as stated in (2) shown in Figure 4.
The arrangement in the lookup table is maintained to select the voltage vector for the switching states of
inverter. Consequently, the better tangential voltage vector is achieved to reduce the stator flux droop on the
particular sector. In this paper, the analysis is conducted by studying the effect of shifted angle improving
stator flux droop, Ag, to the variation of speed, w,,.
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Figure 4. The shifted sector by using fixed sector rotation strategy [25]

4. RESULTS AND DISCUSSION

In order to analyse the effect of stator flux in DTC, the simulation and experiment test are conducted
with the employment of induction motor parameter as listed in Table 1. It is also realized by the comparison
performance between the conventional method with the proposed method. The simulation is implemented by
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using MATLAB/Simulink package. Meanwhile, the experiment setup is conducted by using a 1.1 kW
squirrel-cage induction motor as it is driven by the two-level inverter circuit with the supply voltage of 100V.
In addition, the DTC scheme is realized by using the controller board of dSPACE DS1104 with the sampling
time of 50p. The experiment setup for implementing the DTC scheme is illustrated in Figure 5.

Table 1. The list parameter of induction machine
Induction Machine

Rated power, P 1.1 kW Frequency, f 50Hz
Rated speed, Wmrqreqy 2800 7pm  Stator self-inductance, Ly~ 0.47979 mH
Rated torque, T, (rqateq) 4 Nm Rotor self-inductance, L, 0.47979 mH
Rated flux, @seatea) 0.8452 Wb  Mutual inductance, L,, 0.4634 mH
Stator resistance, R 6.10Q Combined Inertia, J 0.0565 kg.m?
Rotor resistance, R, 6.2293Q  Numbers of pole pairs 1

Board Controller

‘ &Monitor -

Figure 5. The experiment setup of DTC drive system

In a real implementation, the test is carried out by setting the reference torque and stator flux at 1.5
Nm and 0.8452 Wb respectively. The analysis only emphasizes on the stator flux performance while the
torque response has kept regulated on its reference. Based on the motor specification, the stator flux performs
0.8452 Wb which is tiny and difficult to capture. Hence, the value of stator flux is enlarged into 8.452 Wb by
multiplying it with 10. Then, it is subtracted with 8 to produce 0.452 Wh. As a result, the stator flux
waveform enables to be observed within the range of 0.452 Wb which is identical to the real value of stator
flux, 0.0452 Wh. Thus, in the experimental setup, the range of stator flux is assumed to be adjusted at 0.02
Wh/div (identical to the real value).

The stator flux droop is tested and compared on various low speeds, specifically from 500 rpm to
150 rpm with a uniform interval of 50 rpm. The analysis is carried out using a simulation and an
experimental setup, which both of them yield result similar performance. Figure 6 shows the stator flux droop
performance at operating speed of 500 rpm. In the conventional DTC scheme, the stator flux has resulted the
droop of 0.0152 Wh. By using the proposed method of fixed sector rotation strategy, the angle of sector has
been shifted into 10° to reduce the droop. This shifted angle is represented by the shifted sector performed in
the proposed method. As the speed reduces into 450 rpm (shown in Figure 7), it is noticed that the droop of
stator flux has reached 0.0172 Whb. In order to improve the droop, the sector is changed by modifying the
angle into 11° in the proposed method.

Further, the motor load is adjusted at the middle range to allow the motor operates at medium
operating speed of 300 rpm as presented in Figure 8. From the figure, the stator flux droop at 0.0262 Wb in
the conventional method is reduced by shifting the angle of sector into 14° in the proposed method. Later, by
increasing the motor load at high condition (Figure 9), the stator flux droop in the conventional method has
reached 0.0372 Wb at low operating speed. Thus, the shifted angle of 15° is suggested in the proposed
method to minimize the stator flux droop. The stator flux droop getting worse when the motor is loaded
gradually. At a very low operating speed as presented in Figure 10, the modified angle of 16° is used to shift
the sector to minimize the 0.0472 Wb droop of stator flux produced in the conventional method. The
observation is tabulated in Table 2, and plotted into the graph of speed (rpm) againts shifted angle as shown
in Figure 11. From the graph, the slope is negative and and complies the equation (3) and comfirms the
shifted angle, A9 is inversely proportional to the speed, w,, as in (4). This phenomenon inherently results a
similar relationship between the stator flux droop, A, and the speed, w,,, at a constant torque as stated in (5).
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Table 2. The result of the stator flux droop at various operating speed
Speed (rpm)  Flux droop (Wh)  Shifted angle (°)

500 0.0152 10
450 0.0172 11
300 0.0262 14
200 0.0372 15
150 0.0472 16
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Figure 6. Stator flux, ¢, (upper), sector, 8,, and shifted sector, 8,," (lower) through the, (a) experimental and
(b) simulation result at 500 rpm

. Conventional method , ~ Proposed method R Conventional method | Proposed method
< 05 . ‘ —Pi— ‘ . —>
: . mlmmmMMHHHMHHMMMWM
oc AiMiNAR A T MML ; ee (1)
(Wb ‘U Mm MW( ﬂ’mﬁm | ST e ]
- - 08 1
[ " iy w [ ] ey .‘.I
- o ‘;r J | N8 il o7 : ‘ : ‘ ‘ ‘ ' '
) N / . - . . . . ‘ . .
"I A I I A :
! ) J ..:’n.- . s
bla e WW ¥
= ol
+
Y-scale: ¢, (0.02Wb/div), 8, (2/div) ] i
Time-scale: 100ms/div | , , , , ; ;

(@) (b)

Figure 7. Stator flux (upper), ¢, sector, 8,, and shifted sector, 6,," (lower) through the, (a) experimental and
(b) simulation result at 450 rpm
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Figure 8. Stator flux (upper), ¢ sector, 8,, and shifted sector, 8,," (lower) through the, (a) experimental and
(b) simulation result at 300 rpm
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Figure 9. Stator flux (upper), ¢, sector, 8,, and shifted sector, 8,," (lower) through the; (a) experimental and
(b) simulation result at 200 rpm
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Figure 10. Stator flux (upper), ¢, sector, 8,, and shifted sector, 8,," (lower) through the, (a) experimental and
(b) simulation result at 150 rpm
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Figure 11. The graph of shifted angle against the speed at torque of 1.5 Nm

5. CONCLUSION

The aim of this paper to investigate an influence stator flux on the DTC scheme by using a fixed sector
rotation strategy as proposed in the previous studies is achieved. This is done by comparing the conventional
method without a fixed sector rotation strategy with a proposed method which sector rotation strategy is fixed.
A good agreement of results between the simulation and experimental setup is achieved where the proposed
method has effectively reduced the stator flux droop than the conventional method. In the conclusion, the stator
flux droop is inversely proportional to the operating speed as shown by the variation of speeds.
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