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A typical problem of traditional DTCs is that the stator flux fails to regulate
at low running speeds. The regulation of stator flux in DTC is disrupted
because of the demagnetization of zero-voltage vector at low-speed
operation. One of the solutions to solve the problem is to use a fixed sector
rotation technique. The concept is based on decreasing stator flux droop, a
simple technique for changing the flux locus sector at a certain angle. This
method, however, is only effective at low working speeds at one value of
torque. As a result, the stator flux droop effect at various speeds as well as
torque must be studied. The study is carried out in this paper using
simulation (MATLAB/Simulink) and a practical setup (dSPACE board)
where both have performed similar outcomes. The comparison is done
between the conventional method (without a strategy) and the proposed
method (with strategy). In summary, the effect of stator flux droop has been
found to have an inverse linear relationship to the speed and torque variation.
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1. INTRODUCTION

Direct Torque Control (DTC), sometimes known as a "bang-bang" control, is gaining popularity in
the AC drives industry due to its rapid control and simple algorithm structure compared to Field Oriented
Control (FOC) [1]. DTC controls the torque and flux inside the hysteresis band by converting the control
implementation into a circular flux locus using the proper voltage vector [2]-[4]. Nonetheless, the benefits of
DTC have resulted in several serious issues, such as inadequate stator flux management at low speeds, large
ripples in torque and stator flux variables, and switching frequency variation [5]-[10].

DTC's performance can also be considerably improved by employing space vector modulation,
often known as DTC-SVM. In the space vector modulator, the synthesised main method is used to sample the
reference stator voltage [11]-[13]. As a result, the problem is solved since the DTC torque ripple is reduced
and the switching frequency is fixed. However, it has a flaw in that it necessitates a sophisticated algorithm
and a lot of digital signal processing. The duty cycle-based technique, on the other hand, is being developed
to improve the DTC system. It is implemented using the torque slope profile, which is adapted using the
proper voltage vectors within their interval period [14]-[17]. Although the torque ripple is reduced, the
mathematical model used to carry out the method is complicated and difficult. Furthermore, the DTC is
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enhanced by the employment of a multilevel inverter provided by [18]-[22], which causes the enormous
algorithm integrated into the DTC look-up table.

As previously stated, DTC degrades stator flux performance at low operating speeds. In the control
concept of DTC, the existence of zero-voltage vector demagnetization may interrupt the regulation hence
causing a stator flux droop performance [23]. Thus, several enhancements are suggested, as in [18], [24]-
[27]. The stator flux is improved by utilising a fixed sector rotation approach described in [25], however it
only focuses at low operating speeds. As a result, this technique is used in this research to examine the effect
of stator flux performance under varied speed and torque conditions. The research is carried out with the help
of the MATLAB/Simulink software and a practical setup (a utilization of dSSPACE DS1104 controller board).
The evaluation is implemented by comparing a conventional technique (without strategy) and a new method
(with strategy) in the DTC scheme.

2. MODIFIED STRUCTURE OF CONVENTIONAL DTC

Figure 1 shows a modified structure of conventional DTC where the shifted angle is added as in the
modified sector in order to analyse the effect of flux droop. As similar to the conventional DTC [4], some
elements keep maintained, such as the control element (torque and flux hysteresis comparators), drive
element (lookup table and two-level inverter) and the feedback element (voltage and current calculation,
sector detection and also torque and flux estimators). This structure is improved by using the shifted angle
adapted into the sector detection to add with the original angle like suggested in [24]. Therefore, each sector
is rotated at a new angle. The conventional inverter or two-level inverter applied in DTC has performed the
mapping vector that contains eight voltage vectors, as illustrated in Figure 2(a). The eight voltage vectors are
classified into two zero voltage vectors (VO and V7) and six active voltage vectors (V1 — V6) formed into the
hexagonal diagram. There are six sectors separately by 60° on the stator flux d-q plane to generate the
operation of voltage vectors, as shown in Figure 2(b). This sector is used to employ the circular locus of the
stator flux trajectory generated by two possible voltage vectors or tangential voltage vector for increasing or
decreasing the stator flux. The selected voltage vectors produce a fast torque response in the DTC drive
system [4].
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Figure 1. The modified sector with shifted angle in the conventional DTC drive system [24]
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Figure 2. The design of; (a) mapping vector of two-level inverter circuit and (b) d-g plane of stator flux [4]
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3. OPERATION OF STATOR FLUX

Figure 3 shows the cross-section of the circular stator flux locus trajectory to identify the variation
stator flux operation. For instance, in sector VI, the active voltage vector ¥, represents the increased flux,
while voltage vector v represents the decreased flux. As soon as it enters sector |, the active voltage vector is
changed into 75 and 7, to increase and decrease the stator flux. This condition keeps continuously for the
next sector by using a particular active voltage vector. It is observed that the same magnitude and angle of the
voltage vector maintain the stator flux variation into consistent movement. This event is relevant for the ideal
case in Figure 3(a) which the selected voltage vector fully controls the stator flux due to the negligible of
stator resistance.

On the other hands, the normal operation of torque employs the active voltage vector and zero-
voltage vector [25]. The active voltage vectors are applied for the increase or decrease torque while zero-
voltage vector is applied as the torque at the persistent condition. As the motor runs at low operating speed,
the ideal case as discussed previously is insignificant. It is due to the demagnetization by zero-voltage vector
in which the torque is reduced as applied by the zero-voltage vector so that it grasps the stator flux movement
[24]. The change of stator flux utilized by zero-voltage vector is expressed in equation (1) that it contains the
voltage drop of stator resistance. Hence, the possibility of flux droop may occur as the stator flux keeps
reducing until it reaches over the limit of lower band flux hysteresis [25].

As for the solution to the stator flux droop problem, the proposed strategy in [24] is used by tuning
the sector rotation into a particular angle to reduce flux droop. The strategy is called a fixed sector rotation
strategy. The shifted angle, A9 is added to the original angle, 6,, to perform a new sector rotation for the
voltage vector as stated in equation (2), as shown in Figure 4. The lookup table remains the same as the
conventional DTC for selecting the appropriate voltage vector to generate switching for the inverter. As a
result, the voltage vector performs a good tangential on the particular sector to minimize the stator flux
droop. 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,, and the variation of torque.
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Figure 3: The operation of stator flux in; (a) ideal case and (b) demagnetization by zero voltage vector [24]
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4. RESULTS AND DISCUSSION

The comparison between the conventional method with the proposed method is performed to realize
the analysis on the effect of stator flux droop in DTC. It is conducted through the simulation and practical
setup using the induction motor parameter as listed in Table 1. The software of MATLAB/Simulink package
is applied to run the simulation. At the same time, a 1.1 kW squirrel-cage induction motor driven by the
100V supply voltage of a two-level inverter circuit is employed for the practical setup. It is attached with the
controller board of dSPACE DS1104 with a sampling time of 50u to perform the control algorithm of the
DTC scheme. Figure 5 shows the practical setup to implement the DTC scheme.

Table 1. The list specification of induction machine

Induction Machine

Rated power, P 1.1 kW Frequency, f 50Hz
Rated speed, Wy ratea) 2800 rpm Stator self-inductance, L 0.47979 mH
Rated torque, T,(ratea) 4 Nm Rotor self-inductance, L, 0.47979 mH
Rated flux, ¢ qtea) 0.8452 Wb Mutual inductance, L., 0.4634 mH
Stator resistance, Ry 6.10Q Combined Inertia, J 0.0565 kg.m?
Rotor resistance, R, 6.2293 Q Numbers of pole pairs 1
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Figure 5. The practical setup of DTC drive system

The test based on various torques is carried out in this analysis by preparing three sets of reference
torques: 1.1 Nm, 1.5 Nm, and 1.9 Nm. Meanwhile, the stator flux reference is set to 0.8452Wbh. The modest
figure of stator flux, 0.8452 Wb, must be expanded for detail examination, according to the motor
specification. As a result, it is multiplied by 10 to get 8.452 Whb. Then it subtracts with 8 to get 0.452 Wh. As
a result, the stator flux waveform is presented between 0.452 Wb, which is close to the actual stator flux
value. In the practical setup, the stator flux adjustment is set to 0.02 Whb/div (similar to the real value). The
different speeds for analysing the stator flux droop are established on a specific range from 200 rpm to 450
rpm. Only three speed ranges (200 rpm, 300 rpm, and 450 rpm) are shown in the comparative findings.
Fortunately, the practical results for each operating speed and torque are consistent with the simulation
results.

The stator flux droop in the conventional approach has attained an estimated 0.0152 Wh, which is
the lowest among the three sets of speeds, according to the high operating speed of 450 rpm. Figure 6(i)
shows that the stator flux droop at 1.9 Nm torque is the lowest of the group, requiring only a 10° shifted
angle to lessen the droop. Meanwhile, to reduce flux droop, stator flux at 1.1 Nm and 1.5 Nm necessitates
modifying the angle to 13° (0.0202 Wb) and 11° (0.0182 Wh), respectively, as shown in Figure 6(ii) and
Figure 6(iii). In comparison to the previous speed, the stator flux droop has increased slightly for all torque at
the medium working speed of 300 rpm. For a torque of 1.9 Nm, the stator flux droop is 0.0252 Wh. As a
result, the least shifted angle of 13° is required to minimise droop, as shown in Figure 7(i). Figures 7(ii) and
7(iii) show the shifted angles of 14° (0.0262 Whb) and 15° (0.0272 Whb) required by the individual torques of
1.5 Nmand 1.1 Nm to enhance the stator flux.

Adjusting the low operating speed to 200 rpm reveals that all stator flux exhibits the greatest stator
flux droop. Figure 8(iii) shows that 1.1 Nm torque has the highest droop of stator flux with 0.0452 Wb
among speed and torque. To reduce stator flux droop, a 17° shifted angle must be used. In the conventional
method, for torques of 1.9 Nm and 1.5 Nm, the droop of stator flux was 0.0302 Wb and 0.0352 Wh,
respectively. As a result, both (1.9 Nm and 1.5 Nm) must apply the respective shifted angle of 14° (1.9 Nm)
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and 15° (1.5 Nm) to minimise stator flux droop, as shown in Figures 8(i) and 8(ii). When all of the results are
compiled into Table 2 and plotted into the graph shown in Figure 9 for the individual torque, (shifted angle
and flux droop against speed). Further, all of the torque and speed which respect to shifted angle and flux
droop is emphasized in Figure 10. It is discovered that the shifted angle, A9 is inversely proportional to the
variation of speed, w,, and torque, T, as expressed in (3). In summary, it has been demonstrated that the
stator flux droop, A¢g, effect has an inverse linear relationship with speed, w,, and torque T, variation as

specified in (4).

Table 2. The result of the stator flux droop at various operating speed and torque

©)

(4

Torgue (Nm) Speed (rpm) Flux droop (Whb) Shifted angle (°)
1.9 450 0.0152 10
300 0.0252 13
200 0.0302 14
15 450 0.0182 11
300 0.0262 14
200 0.0352 15
11 450 0.0202 13
300 0.0272 15
200 0.0452 17
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Figure 6: (a) The experiment and (b) simulation result of stator flux, ¢, (upper), sector, 8,, and modified
sector, 8, (lower) for the torque of; (i)1.9 Nm, (ii)1.5 Nm and (iii)1.1 Nm at 450 rpm
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CONCLUSION

The effect of stator flux performance in DTC using a fixed sector rotation strategy based on
previous researched is studied and accomplished. The assessment is conducted between the conventional
method (without a fixed sector rotation strategy) and the proposed method (with a fixed sector rotation
strategy). It involves the various speed and torque by using simulation and practical setup.
It is proven that the practical setup has achieved similar results to the simulation setup as the stator
flux droop is highly minimized in the proposed method. The shifted angle performs the opposite proportional
to the various condition of torque and speed. In overall, it can be summarized that the effect of stator flux
droop has an inverse linear relationship to the variation of torque and speed.
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