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As shown in Figure 8a, comparing to the zero-crossing time of reference current, the zero-crossing
time of load current based on FSMPC is delayed by about 45 us, which is expressed as tT

n , and the
zero-crossing time of load current based on FSMPC with delay compensation is delayed by about
35 us, which is denoted as tP

n . From Figure 8b, average three-phase current residual based on FSMPC is
about 1.9 A, current tracking accuracy is 96.8%. Average three-phase current residual based on FSMPC
with delay compensation is about 1.3 A, current tracking accuracy is 97.8%. In Figure 8c, the average
THD of three-phase reference current is 1.30%, and average THD of three-phase load current based on
FSMPC and FSMPC with delay compensation are about 2.4% and 1.80%, respectively. From the Table 5,
the sum and average switch power loss based on FSMPC and FSMPC with delay compensation are
almost equal.

Table 6. Switch power losses based on FSMPC and FSMPC with delay compensation for low power motor.

Switch Power Loss (J) σ (%)

pb1 pb2 pc1 pc2 psum pave

FSMPC 41.75 42.16 41.84 40.97 166.72 41.68 0.22
FSMPC with delay

compensation
41.80 41.94 41.57 41.06 163.37 41.59

As shown in Figure 9a, comparing to the zero-crossing time of reference current, the zero-crossing
time of load current based on FSMPC is delayed by about 45 us, which is expressed as tT

n , and the
zero-crossing time of load current based on FSMPC with delay compensation is delayed by about 35 us,
which is denoted as tP

n . From Figure 9b, average three-phase current residual based on FSMPC is about
0.17 A, current tracking accuracy is 97.5%. Average three-phase current residual based on FSMPC with
delay compensation is about 0.12 A, current tracking accuracy is 98.3%. In Figure 9c, the average THD
of three-phase reference current is 2.1%, and average THD of three-phase load current based on FSMPC
and FSMPC with delay compensation are about 3.2% and 4.3%, respectively. From the Table 6, the sum
and average switch power loss based on FSMPC and FSMPC with delay compensation are almost
equal. The experimental results have shown that, for the high and low power motor, the residual
between load current and reference current is reduced and current tracking accuracy is improved by
applying FSMPC with delay compensation, when compared with FSMPC.

Table 7. Comparison of based on FSMPC and FSMPC with delay compensation for high and low
power motor.

High Power Motor Low Power Motor

FSMPC
FSMPC with Delay

Compensation
FSMPC

FSMPC with Delay
Compensation

Tracking accuracy of
load current

96.8% 97.8% 97.5% 98.3%

Zero-crossing delay time 45 us 35 us 45 us 35 us

THD 2.4% 1.8% 4.3% 3.2%

Decrease percent of
switch power loss

0.13% 0.22%

Load inductance 4 mH 0.13 mH

Switching frequency 10 kHz

Sampling frequency 20 kHz
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4.3. Motor Rotor Broken Bar Fault

When the motor is operating under rotor broken bar fault with the reference current for high
power motor set 60 A/20 Hz and low power motor set 7 A/30 Hz respectively, and fault level set 20%.
The comparison of current tracking performance and switch power loss for proposed motor emulator
without and with power loss minimum control are displayed in this section.

For the high power motor, the experimental waveforms of a-phase reference current, a-phase load
current of proposed motor emulator without and with power loss minimization control are shown in
Figure 10a. Based on these conditions, the experimental waveforms of average three-phase current
residual of between reference current and load current of without and with power loss minimization
control are shown in Figure 10b, respectively. The experimental waveforms of average three-phase
current THD of reference current, load current with or without power loss minimization control are
shown in Figure 10c, respectively. The switch power loss results during entire simulation period of
proposed motor emulator without and with power loss minimization control are shown in Table 8.
Similarly, the experimental waveforms for the low power motor are shown in Figure 11a–c and Table 9.

Table 8. Switch power losses of motor rotor broken bar fault for high power motor.

Switch Power Loss (KJ) σ (%)

pb1 pb2 pc1 pc2 psum pave

Without 22.91 23.84 23.75 22.36 92.86 23.22 22.74
With 17.52 18.37 18.65 17.22 71.76 17.94

As shown in Figure 10a, when the motor is operating under rotor broken bar fault, comparing to
the zero-crossing time of reference current, the zero-crossing time of load current without power loss
minimization control is delayed by about 40 us, which is expressed as tP

n , and the zero-crossing time of
load current with power loss minimization control is delayed by about 50 us, which is denoted as tP

y .
From Figure 10b, average three-phase current residual of without and with power loss minimization
control are about 2.0 A and 2.2 A, and current tracking accuracy are 96.6% and 96.3%. In Figure 10c,
the average THD of three-phase reference current is 19%, and average THD of three-phase load current
of without and with power loss minimization control is 22% and 24%, respectively. From Table 8,
consideration of power loss, the sum and average switch power loss of the latter have both decreased
by 22.74% than the former.

Table 9. Switch power losses of motor rotor broken bar fault for low power motor.

Switch Power Loss (J) σ (%)

pb1 pb2 pc1 pc2 psum pave

Without 42.29 42.61 41.77 42.85 169.52 42.38 21.47
With 32.96 33.72 33.36 33.04 133.08 33.27
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(a)A-phase currents

(b)Average residual of three-phase currents

(c)Average THD of three-phase currents

Figure 10. Waveforms of rotor broken bar fault for high power motor.228
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(a)A-phase currents

(b)Average residual of three-phase currents

(c)Average THD of three-phase currents

Figure 11. Waveforms of rotor broken bar fault for low power motor.
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As shown in Figure 11a, when the motor is operating under rotor broken bar fault, comparing to
the zero-crossing time of reference current, the zero-crossing time of load current without power loss
minimization control is delayed by about 40 us, which is expressed as tP

n , and the zero-crossing time of
load current with power loss minimization control is delayed by about 50 us, which is denoted as tP

y .
From Figure 11b, average three-phase current residual of without and with power loss minimization
control are about 0.15 A and 0.18 A, and current tracking accuracy are 97.8% and 97.4%. In Figure 11c,
the average THD of three-phase reference current is 25%, and average THD of three-phase load current
of without and with power loss minimization control is 30% and 35%, respectively. From Table 9,
consideration of power loss, the sum and average switch power loss of the latter have both decreased
by 21.47% than the former, respectively. The experimental results have shown that, for the high and
low power motor, the proposed power loss decrease method can reduce effectively switch power
loss on the premise of ensuring the current tracking effect of the motor emulator when the motor is
operating under rotor broken bar fault.

4.4. Motor Speed Suddenly Alteration

When the motor is operating under speed suddenly alteration with speed set 1250 rpm to 2500 rpm
for high power motor and speed set 1000 rpm to 1800 rpm for low power motor respectively, as show
in Figures 12a and 13a. The comparison of current tracking performance and switch power loss
for proposed motor emulator without and with power loss minimization control are displayed in
this section.

For the high power motor, the experimental waveforms of a-phase reference current, a-phase load
current of proposed motor emulator without and with power loss minimization control are shown in
Figure 12b. Based on these conditions, the experimental waveforms of average three-phase current
residual of between reference current and load current of without and with power loss minimization
control are shown in Figure 12c, respectively. The experimental waveforms of average three-phase
current THD of reference current, load current of proposed motor emulator without and with power
loss minimization control are shown in Figure 12d, respectively. The switch power loss results during
the entire simulation period of the proposed motor emulator without and with power loss minimization
control are shown in Table 10. Similarly, the experimental waveforms for the low power motor are
shown in Figure 13b–d and Table 11.

Table 10. Switch power losses of speed suddenly alteration for high power motor.

Switch Power Loss (KJ) σ (%)

pb1 pb2 pc1 pc2 psum pave

Without 22.76 23.95 23.47 22.36 92.54 23.13 20.83
With 17.72 18.96 18.75 17.83 73.26 18.32

As shown in Figure 12b, when the motor is operating under speed sudden alteration, comparing
to the zero-crossing time of reference current, the zero-crossing time of load current without power loss
minimization control is delayed by about 40 us, which is expressed as tP

n , and the zero-crossing time of
load current with power loss minimization control is delayed by about 60 us, which is denoted as tP

y .
From Figure 12c, average three-phase current residual of without and with power loss minimization
control are about 2.0 A and 2.2 A, and current tracking accuracy are 96.6% and 96.3%. In Figure 12d,
the average THD of three-phase reference current is 1.7%, and average THD of three-phase load current
of without and with power loss minimization control is 1.9% and 2.0%, respectively. From Table 10,
consideration of power loss, the sum and average switch power loss of the latter have both decreased
by 20.83% than the former.
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(a)Speed

(b)A-phase currents

(c)Average residual of three-phase currents

(d)Average THD of three-phase currents

Figure 12. Waveforms of speed suddenly alteration for high power motor.
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(a)Speed

(b)A-phase currents

(c)Average residual of three-phase currents

(d)Average THD of three-phase currents

Figure 13. Waveforms of speed suddenly alteration for low power motor.
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Table 11. Switch power losses of speed suddenly alteration for low power motor.

Switch Power Loss (J) σ (%)

pb1 pb2 pc1 pc2 psum pave

Without 45.64 46.32 45.27 45.70 182.94 45.73 20.88
With 36.31 35.97 35.86 36.58 144.72 36.18

As shown in Figure 13b, when the motor is operating under speed suddenly alteration, comparing
to the zero-crossing time of reference current, the zero-crossing time of load current without power loss
minimization control is delayed by about 40 us, which is expressed as tP

n , and the zero-crossing time of
load current with power loss minimization control is delayed by about 60 us, which is denoted as tP

y .
From Figure 13c, average three-phase current residual of without and with power loss minimization
control are about 0.16 A and 0.19 A, and current tracking accuracy are 97.7% and 97.3%. In Figure 13d,
the average THD of three-phase reference current is 2.0%, and average THD of three-phase load current
of without and with power loss minimization control is 3.2% and 4.0%, respectively. From Table 11,
consideration of power loss, the sum and average switch power loss of the latter have both decreased
by 20.88% than the former, respectively. The experimental results show that, for the high and low
power motor, the proposed power loss decrease method can reduce effectively switch power loss on
the premise of ensuring the current tracking effect of the motor emulator, when the motor is operating
under speed suddenly alteration.

5. Conclusions

A power loss decrease method based on FSMPC with delay compensation for a reduced
switch count motor emulator is proposed in this paper. In the proposed motor emulator topology,
converter consists of four active switches and two capacitors. Within the power loss decrease method
based on FSMPC with delay compensation, an objective function is designed to select the two adjacent
switch control signals that generating lowest switch power loss while keeping satisfied current tracking
performance. The simulation and experiment results show the feasibility and effectiveness of the
proposed method which achieving minimum power loss and ensuring current tracking performance
greater than 95%. Besides, they also testify that the current can track stator current accurately and
rapidly when the motor operating on the cases, namely in the normal state, or the fault state or the
speed suddenly alteration. A real-time platform of a motor emulator for the presented method has
been built to provide a reliable environment and offers more authentic data for motor fault injection,
diagnosis, and tolerance research.
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