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Abstract: Under the traditional control method, the dual three-phase permanent magnet
synchronous motor (DTP–PMSM) has a harmonic plane with low impedance, and it can
produce larger harmonic current. Model predictive control (MPC) has a simple control
structure and a good dynamic performance. The MPC is usually used in a high-performance
control system of multiphase motors. Aiming at the DTP–PMSM drive system, an improved
MPC strategy based on the biplane virtual voltage vector is proposed in this paper. In the
proposed biplane MPC scheme, the voltage vector of the �–� plane is virtual to 25 voltage
vectors, while the voltage vector of the x–y plane is virtual to zero. At the same time, the
voltage vector of the x–y plane is virtual to 25 voltage vectors, while the voltage vector of
the �–� plane is virtual to zero. On this basis, the cost function of the biplane is evaluated.
The operating time and reference voltage of each vector are calculated. The virtual voltage
vector on the �–� plane is used for electromechanical energy conversion to generate the
best electromagnetic torque and reduce torque ripple. The virtual voltage vector on the x–y

plane is used to suppress the stator current harmonics and improve the efficiency of the
DTP–PMSM. The simulation and experimental results demonstrate the superiority of the
proposed biplane MPC.

Key words: biplane, double three-phase permanent magnet synchronous motor, harmonic
current, model predictive control, virtual voltage vector
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1. Introduction

In recent years, with the rapid development of social productivity, in many industrial driving
fields, the reliability of a transmission system is required to be higher and higher, and the accuracy
and rapidity of a control system are also required to be more and more strict. Compared with the
traditional three-phase motor, the double three-phase motor has the advantages of large output
power, small torque ripple, high power density and strong fault tolerance. It has been more and
more widely used in the fields of electric aircraft, automobiles, and ship propulsion [1]. Common
control strategies for polyphase motors mainly include vector control based on vector space
decoupling, direct torque control and model predictive control [2, 3]. The vector control is similar
to the vector control of a three-phase motor. The �–� plane uses 12 maximum vectors of the
outermost layer as the basic voltage vectors. This control method can obtain the maximum voltage
utilization of the inverter DC bus [4]. However, the method ignores the harmonic plane of the
polyphase motor, resulting in many harmonics in the stator current of the polyphase motor, which
reduces the operating efficiency of the motor system. In addition, the vector voltage is unique in
the cycle, which has the disadvantages of large fluctuations in flux linkage and torque ripple [5].

Model predictive control (MPC) has the advantages of simple control unit structure, fast
response speed and easy-to-handle multivariable optimal control. It is widely used in polyphase
motors [6,7]. However, the traditional MPC only performs optimal control in the fundamental wave
plane involved in energy exchange, and only the voltage vector on the �� � plane is considered [8],
but the harmonic loss caused by the nonlinear factors of the system is not fully considered [9].
Due to the low impedance on the harmonic x–y plane, the harmonic voltage in the phase voltage,
especially the 5th and 7th harmonic voltage, will produce large harmonic current on the x–y plane,
so the control effect is not ideal [10]. Scholars have conducted in-depth research in the fields. The
common mode voltage suppression method based on a virtual vector inverter model is proposed to
achieve common mode voltage suppression and reduce current harmonics at the same time [11,12].
On the �–� plane, the maximum vector and the sub-large vector are used to synthesize one
reference voltage vector, and then the sub-large vector and the small vector are used to synthesize
another reference voltage vector [13–15]. During the synthesis process, this method can ensure that
the mapping voltage amplitude of the x–y plane is 0, and this method can improve utilization ratio
of the voltage vector on the �–� plane. But the voltage vector amplitude is fixed and cannot be
adjusted, the motor phase current still contains harmonic components [16, 17]. On the �–� plane,
the best in-phase voltage vector closest to the reference voltage vector is selected as the prediction
vector to optimize the torque and flux regulation effect of the motor, reducing the torque ripple
of the motor [18,19]. However, the above torque control is only limited to single-plane control.
In essence, the x–y plane is still open-loop control [20, 21]. If the inverter dead time effect and
system nonlinear factors are considered, the voltage vector on the x–y harmonic sub-plane cannot
be offset to 0. Therefore, there are still large current harmonics in the single-plane control, which
increases the harmonic loss and reduces the system efficiency [22]. The double-plane control
method is required to improve the control performance of the DTP–PMSM system.

This paper proposes a biplane MPC scheme with 25 virtual voltage vectors. The proposed
scheme makes full use of the voltage vectors on the �-� and x–y planes. In the �–� plane, the
large and medium-large vectors are combined into 12 virtual voltage vectors, the medium-large
and small vectors are combined into 12 virtual voltage vectors, plus zero vectors, that is, a total
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of 25 virtual voltage vectors. Using a similar approach, 25 virtual voltage vectors can also be
obtained in the x–y plane. Compared with the single-plane MPC strategy, the proposed biplane
MPC strategy can better suppress the harmonic currents. The simulation system and test platform
are built. The simulation and experimental results show that the proposed biplane MPC scheme
can reduce current harmonics, improve torque performance and system efficiency.

2. Driving topology and mathematical model of DTP–PMSM

2.1. Driving topology of DTP–PMSM

The DTP–PMSM is also called an asymmetric six-phase PMSM. The phase band angle of
the motor is 30 degrees. Like the symmetrical twelve phase motor, the stator winding of the
DTP–PMSM is connected to the six bridge arms of the inverter respectively. The driving topology
is shown in Fig. 1.

a b c d e f
Vdc

6

Fig. 1. DTP–PMSM drive topology

Because the phase band angle of the DTP–PMSM is 30 degrees, it can eliminate the 5th and
7th harmonic magnetic potential within the motor, thus eliminating the 6th torque ripple, and
increasing the minimum number of torque ripple to 12 times. Therefore, the DTP–PMSM can
effectively suppress the torque ripple and has been widely used in industrial production.

2.2. Mathematical model of DTP–PMSM

The six-phase inverter can be regarded as two three-phase inverters with isolated neutral points
in parallel. The inverter consists of six bridge arms, and each bridge arm contains two power
switching devices. The output state of the bridge arm of the six-phase inverter can be expressed
by the vector [S], [S] = {Sa, Sb, Sc , Sd, Se, Sf }. Where Sa, Sb, Sc , Sd, Se and Sf , respectively,
represent the switch states of the six bridge arms. If the upper bridge arm is on and the lower
bridge arm is off, it is 1, otherwise it is 0.

Therefore, the six-phase inverter has 26 = 64 switching states [23,24]. Similar to the three-
phase motor, the vector decoupling method is usually used to analyze the mathematical model of
the double three-phase motor. The Clarke transform is performed on the double three-phase motor
to map the motor variables to the �–� sub-plane, x–y sub-plane and o1–o2 sub-plane, and the
three sub-planes are orthogonal to each other. The static transformation matrix T6S of the dual
three-phase motor is shown in Eq. (1).
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where the first two lines of Eq. (1) map the fundamental wave and 12k � 1 „k = 1; 2; 3; : : :)
subharmonic of the motor to the �-� sub-plane. The �–� sub-plane is consistent with the air gap
flux rotation plane of the motor, so the current component on the �–� sub-plane participates
in the electromechanical energy conversion process. The middle two lines of Eq. (1) map the
6k � 1 „k = 1; 3; 5; : : :) sub-harmonic of the motor to the x–y sub-plane, and the last two lines of
Eq. (1) map the 6k � 3 „k = 1; 3; 5; : : :) sub-harmonic of the motor to the o1–o2 sub-plane. Since
the x–y sub-plane and o1–o2 sub-plane are orthogonal to the air-gap flux rotation plane of the
motor, the current components on the x–y and o1–o2 sub-planes do not generate rotating magnetic
potential, and the current components on the two planes do not participate in the electromechanical
energy conversion process. If the neutral points of two parallel three-phase inverters are isolated
from each other in the driving system of the DTP–PMSM, the zero-sequence current component
of the three-phase inverter on the o1–o2 sub-plane is therefore 0, as long as the zero-sequence
current component on the x–y sub-plane is controlled to ensure that their vector sum is 0.

According to the Clarke–Park total transformation matrix T6S , the torque equation of the
DTP–PMSM can be obtained as shown in Eq. (2).

Te = 3pn„ diq �  qid”; (2)

where id, iq ,  d,  d represent the components of stator current and flux linkage on the dq-axis,
respectively, and pn represents the pole pairs of the motor.

3. Biplane virtual voltage vector

3.1. Space voltage vector of six phase inverter
Since the six-phase inverter has a total of 64 switch states, each switch state is mapped to

voltage vectors on the �–� sub-plane and the x–y sub-plane can be expressed as follows:

u�� =
1
3

Udc„Sa + Sbe j120� + Sce j240� + Sde j30� + See j150� + Sf e j270� ”; (3)

uxy =
1
3

Udc„Sa + Sbe j240� + Sce j120� + Sde j150� + See j30� + Sf e j270� ”; (4)

where v� and vxy , respectively, represent mapping to the space voltage vector on the �–� sub-plane
and x–y sub-plane, and Udc represents the DC bus voltage of the inverter. According to Eqs. (3)
and (4), 64 switching states of the six-phase inverter can be drawn. The space voltage vector graph
of the �–� sub-plane and x–y sub-plane is shown in Fig. 2.
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Fig. 2. Space voltage vector graph of �–� sub-plane and x–y sub-plane

In Fig. 2, each voltage vector is represented by an octal number, and a group of binary numbers
corresponding to the octal number represents a switching state. For example, “3–4” represents the
switching state (011100), that is, the upper bridge arms of b, c and d are on, and the rest of the
bridge arms are off. Each plane contains 48 effective vectors, corresponding to 60 switching states,
respectively, and 4 zero vectors, corresponding to the switching states “0�0, 0�7, 7�0, 7�7”.
According to the grouping of voltage vectors, the 48 effective voltage vectors can be divided
into 4 regular dodecagons, which are composed of 12 large vectors, 12 medium large vectors,
12 medium vectors and 12 small vectors, respectively.

3.2. Biplane virtual voltage vector synthesis

In order to improve the rapidity and effectiveness of MPC and reduce the calculation time of
the control system, only part of the effective vector can be used to calculate the virtual voltage
vector in biplane synthesis. The traditional method is to use the phase difference 180� on the
x–y sub-plane between the large and the medium-large vector of the �–� sub-plane. The large
and medium-large vectors of the �–� sub-plane are synthesized by the virtual voltage vector in
a certain proportion. The virtual voltage vector is zero on the x–y sub-plane, which can not only
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offset the harmonic current, but also find the reference voltage vector quickly and accurately.
According to this method, a total of 12 virtual voltage vectors can be synthesized, plus zero vectors,
a total of 13 vectors, called VV13. The VV13 control method only uses 24 effective voltage vectors
and zero vectors, and does not make full use of 64 switch states in the plane. In order to improve
the control accuracy and make full use of the switching state of the inverter, the large vector and
the medium-large vector are synthesized into 12 virtual voltage vectors, and the medium-large
vector and the small vector are combined into 12 virtual voltage vectors. With an additional plus
zero vector, there are 25 vectors in total, which is called VV25.

VV25 makes full use of the space voltage vector and improves the DC voltage utilization of
the six-phase inverter. However, only setting the proportional synthesis vector cannot completely
suppress the harmonic voltage on the x–y sub-plane. Since the impedance on the x–y sub-plane is
very small, and a small harmonic voltage vector can also generate a large harmonic current on the
x–y sub-plane, the idea of biplane prediction can be introduced. 25 virtual voltage vectors are
synthesized in the �-� sub-plane to generate the required magnetic flux and torque. 25 virtual
voltage vectors are synthesized in the x–y sub-plane to suppress harmonic current, and improve
the accuracy and stability of motor control, achieving good control effect.

From Fig. 2, medium and large vectors v4�6 are in phase with large vectors v6�4 and small
vectors v2�5 in the �–� sub-plane, but medium and large vectors v4�6 are in phase with large
vectors v6�4 and small vectors v2�5 in the x–y sub-plane. Therefore, on the x–y sub-plane, the
flux linkage generated by medium and large vectors v4�6 is also reversed from that generated by
large vectors v6�4 and small vectors v6�4. In order to suppress the current harmonics on the x–y

sub-plane, it is only necessary to offset the large vector, medium-large vector and small vector to 0
on the x–y sub-plane to reduce the harmonic current. According to the magnitude of each vector
on the �–� sub-plane, the action time of the large vector, medium large vector and small vector
can be calculated, as shown in Eqs. (5)–(8).

vvi = t1vl arg e + t2vmedium�l arg e; (5)
t1vsmall + t2vmedium�l arg e = 0; (6)
vvi+12 = t3vmedium�l arg e + t4vsmall; (7)
t3vmedium�l arg e + t4vl arg e = 0; (8)

where: vvi and vvi+12 are the synthetic virtual voltage vectors, t1 and t2 are the synthetic action
time of the large vector and medium-large vector, t3 and t4 are the synthetic action time of the
medium-large vector and small vector. vlarge, vmedium�large and vsmall are the amplitudes of the large
vector, medium-large vector and small vector, respectively. According to Eqs. (5)–(8), t1 = 0:73Ts ,
t2 = 0:27Ts , t3 = 0:58Ts , and t4 = 0:42Ts can be calculated, where Ts is the sampling period. The
synthetic virtual voltage vector graph of the �–� sub-plane is shown in Fig. 3.

Similarly, on the x–y sub-plane, the large vector and the medium-large vector are synthe-
sized into 12 virtual voltage vectors, and the medium-large vector and the small vector are
synthesized into 12 virtual voltage vectors. The component of the virtual voltage vectors on �–�
the sub-plane is 0, and the action time of each vector is calculated. The calculation method is the
same as that described above. The synthetic virtual voltage vector graph of the x–y sub-plane is
shown in Fig. 4.
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Fig. 3. Synthetic virtual voltage vector graph of the �–� sub-plane

Fig. 4. Synthetic virtual voltage vector graph of the x–y sub-plane

4. Biplane virtual voltage vector MPC

4.1. Cost function

Considering that the electromagnetic torque is controlled on the �-� sub-plane and the
harmonic current is suppressed on the x–y sub-plane, the cost function g of the DTP–PMSM can
be expressed by Eq. (9). �

g1 = ji�� � i�„k + 1”j + ji�� � i�„k + 1”j
g2 = ji�x � ix„k + 1”j + ji�y � iy„k + 1”j ; (9)

where i�, i� , i��, i�� are the reference current and k + 1 order prediction current of the �–� sub-plane,
respectively. jx , iy , i�x , i�y are the reference current and k + 1 order prediction current of the x–y

sub-plane, respectively.

4.2. Reference voltage vector calculation

Using the forward Euler formula, the discrete model of the DTP–PMSM can be derived, and
the k-order voltage of the dq-axis on the �–� sub-plane is expressed by vd„k” and vq„k”, and the
calculation method is shown in Eq. (10).
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8>>>>>>>>>>>>><>>>>>>>>>>>>>:

vd „k” = Rsid „k” +
Ld

Ts
„id „k + 1” � id „k””

vq„k” = Rsiq„k” +
Lq

Ts
„iq„k + 1” � iq„k”” + !e� f

vx„k” = Rsix„k” +
Ld

Ts
„ix„k + 1” � ix„k””

vy„k” = Rsiy„k” +
Lq

Ts
„iy„k + 1” � iy„k””

; (10)

where id „k”, id „k + 1), iq„k”, iq„k + 1) are the k order and k + 1 order predictive current of
the dq-axis, respectively. ed and eq are the back EMF of the dq-axis, respectively. In order to
compensate the control delay, the k + 2 order predictive current value of the dq-axis can be further
calculated according to the Euler discrete formula, as shown in Eq. (11).8>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>:

id „k + 2” =

�
1 �

RsTs

Ld

�
id „k + 1” +

Lq

Ld
!eTsiq „k + 1” +

Ts

Ld
vd „k + 1”

iq„k + 2” =

�
1 �

RsTs

Lq

�
iq„k + 1” �

Ld

Lq
!eTsid„k + 1” +

Ts

Lq
vq„k + 1” �

!e� f Ts

Lq

ix „k + 2” =

�
1 �

RsTs

L0

�
ix „k + 1” +

Ts

L0
ux „k + 1”

iy „k + 2” =

�
1 �

RsTs

L0

�
iy „k + 1” +

Ts

L0
uy „k + 1”

: (11)

According to the dq-axis reference currents, iref
d

and the k + 2 order predicted current value,
the reference voltage values vref

d
and vref

q of the dq-axis can be calculated, as shown in Eq. (12).

8>>>><>>>>:
vref

d = Rsid „k + 2” +
Ld

Ts

�
iref
d � id „k + 2”

�
vref

q = Rsiq „k + 2” +
Lq

Ts

�
iref
q � iq„k + 2”

�
+ !e� f

: (12)

Finally, according to the values of the reference voltages vref
d

and vref
q , the reference voltage

amplitude and phase angle are calculated, the sector of the reference voltage is determined, and
the appropriate virtual composite voltages vvi and vvi+12 are selected.

Similarly, on the x–y sub-plane, the k order voltage of the dq-axis can be calculated according
to the discrete model of the motor. Since it is necessary to suppress torque ripple on the x–y plane,
the sum of the dq-axis reference current on the x–y plane should be 0. According to Eq. (13), the
reference voltage values iref

x and iref
y of the dq-axis on the x–y plane can be calculated as follows:

8>>><>>>:
vref

x = Rsix„k + 2” +
L0
Ts
„iref

x � ix„k + 2””

vref
y = Rsiy„k + 2” +

L0
Ts
„iref

y � iy„k + 2””
: (13)
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4.3. Control block diagram

The MPC block diagram based on the vector of biplane virtual voltage is shown in Fig. 5.

Predictive 
model

iabcdef

vref
d

Fig. 5. MPC block diagram based on vector of biplane virtual voltage

The 6-phase current of the DTP–PMSM is transformed by variable-speed driver and Clarke
Park coordinate transformation. The k + 2 order prediction currents ik+2

x , ik+2
y , ik+2

q and ik+2
d

are
calculated in the �–� and x–y sub-plane. After comparing with the reference currents, then through
the inversion matrix and prediction model, the reference voltage vectors vvm, vvm+12, ddm, ddm,
ddm+12 can be obtained in the two planes. Through the cost function, the optimal synthetic voltage
vector is selected on two planes respectively, and the motor is driven to run after PWM conversion.

5. Simulation and experimental verification

5.1. Simulation verification

In order to prove the correctness of the method proposed in this paper, the simulation is carried
out in the MATLAB/Simulink environment. Table 1 shows the simulation parameters of the
DTP–PMSM. The simulation results are shown in Fig. 6 and Fig. 7. Figure 6(a), Fig.6(b), and
Fig. 6(c) show the steady-state waveforms of VV13, VV25 and VV25-Bi. Figure 7(a), Fig. 7(b),
and Fig. 7(c) show the dynamic waveforms of VV13, VV25 and VV25-Bi.

Firstly, the steady-state performance is studied at a motor speed of 400 r/min and Te being
15 N�m. It can be found from Fig. 6 that the phase current waveform of the VV25-Bi MPC
is more sinusoidal than the VV13 MPC and VV25 MPC strategies, which indicates that the
proposed control strategy achieves better harmonic suppression, thus improving the efficiency of
the DTP–PMSM drive system.
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Table 1. Simulation parameters of DTP–PMSM

Motor parameters Numerical value
Q-axis inductance (mH) 2.46
D-axis inductance (mH) 2.46
Zero axis inductance (mH) 0.52
Stator resistance (
” 0.67
Polar logarithm (Pn) 5
Rotor flux linkage (Wb) 0.0885
Rated speed (r/min) 400
Rated torque (N�m) 30
Sampling frequency (kHz) 10
Switching frequency (kHz) 10
DC bus voltage (V) 100
Dead time (µs) 2

Secondly, the dynamic performance of the motor, where the load torque reference has a step
change from 15 N.m to 30 N.m is shown in Fig. 7 and from 0 N.m to 15 N.m in Fig. 8 at the
time 0.1 s, respectively. It can be seen from Fig. 7 and Fig. 8 that the VV13, VV25, and VV25-Bi
methods have similar dynamic response with fast torque response and less overshoot. When sudden
load is applied, the motor speed drops less. In addition, a step change from 200 to 400 r/min is
applied to the DTP–PMSM in the speed command, as shown in Fig. 9. It can be seen that the three
methods have similar dynamic response.

 
(a) VV13
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(b) VV25

 
(c) VV25-Bi

Fig. 6. Steady state waveform of the three MPC strategies
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(a) VV13

 
(b) VV25
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(c) VV25-Bi

Fig. 7. Dynamic waveform of the three MPC strategies under the half-load to full-load step response

 

(a) VV13
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(b) VV25

 

(c) VV25-Bi

Fig. 8. Dynamic waveform of the three MPC strategies under the no-to-half-load step response
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(a) VV13

 

(b) VV25
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(c) VV25-Bi

Fig. 9. Dynamic waveform of the three MPC strategies under the speed step response

6. Experimental verification

In order to verify the correctness of the proposed method, a DTP–PMSM experimental platform
is built. The experimental platform consists of the DTP–PMSM, the load, the six-phase voltage
source inverter, and the DC power supply. The six-phase voltage source inverter is built with discrete
IGBT devices. A floating-point digital signal processor (TMS320F28377S) is chosen to execute the
proposed algorithm. The CPLD is used for hardware logic protection. The load of the DTP–PMSM
is a three-phase PMSM with a three-phase resistance load, where the per-phase resistance is 20 
.
Figure 10 shows the structure of the experimental platform. First, connect the DC power supply to
the DC side of the dual three-phase inverter, connect the AC side of the dual three-phase inverter
to the dual three-phase motor, drive the load through the three-phase load motor, and record the
voltage, speed, torque, and other experimental data of the DTP–PMSM through the oscilloscope.

First, we used the experimental platform to test the steady-state performance of the DTP–PMSM.
The motor experimental waveform at the speed of 360 r/min is shown in Fig. 11. Figure 11(a) is
the waveform under the VV13 method and Fig. 11(b) is the waveform under the VV25-Bi method.
From top to bottom, the waveforms of the speed n, electromagnetic torque Te, phase current ia
and id are shown, respectively.

From the figure, we can see that when the motor operates at 360 r/min, the phase current
waveform distortion of the VV13 method is more serious, indicating that the motor phase current
contains more harmonic current. In addition, the motor speed and torque ripple are more serious
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DC power supply Dual three-phase inverter

DTP-PMSMThree phase load 

Oscilloscope

 

Fig. 10. Structure diagram of experimental platform

(a) VV13

(b) VV25-Bi

Fig. 11. Motor experimental waveform at 360 r/min
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than that of the VV25-Bi method. This is because the VV13 method only uses large and medium-
large vectors to synthesize the prediction vector in the single-plane, and does not make full use of
the motor voltage vector to suppress the harmonic current in the x–y plane. Thus, larger harmonic
current and torque ripple are formed. Under the VV25-Bi method, the phase current waveform is
smoother, closer to the sine wave, and the motor speed and torque ripple are smaller, indicating
that the phase current has less harmonic content and good stability.

In order to verify the dynamic performance of the motor, we verified the impact of a sudden
load increase and decrease on the motor speed n, Te and phase current i. The experimental
waveform is shown in Fig. 12. Figure 12(a) is a waveform diagram under the VV13 method, and
Fig. 12(b) is a waveform diagram under the VV25-Bi method. From top to bottom, the waveforms
of speed n, Te, phase current ia and id are shown respectively. From the figure, the VV13 and
VV25-Bi methods have similar dynamic response with fast speed response, fast torque response,
and less overshoot.

(a) VV13

(b) VV25-Bi

Fig. 12. Waveform when increasing or decreasing load
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To further verify the superiority of the proposed strategy under the condition that the phase
current is 10 A, the 5th harmonic, 7th harmonic, total harmonic distortion (THD), and motor
efficiency of VV13 and VV25-Bi are shown in Table 2 and Fig. 13.

Table 2. Performance comparison of the VV13 and VV25-Bi

Control algorithm THD 5th harmonic 7th harmonic Motor efficiency
VV13 8.60% 5.04% 2.63% 93.25%
VV25-Bi 6.83% 1.75% 1.22% 95.37%

It can be seen fromTable 2 and Fig. 13 that the THDof the proposed biplaneMPC strategy is only
6.83%, lower thanVV13. The 5th harmonic is only 1.75%and the 7th harmonic is only 1.22%,which
are also significantly lower than VV13. It shows that the proposed strategy has stronger harmonic
suppression performance. In addition, the DTP–PMSM efficiency of the proposed biplane MPC
strategy is also higher than that of the VV13 MPC, because of the improved mover current quality.

Fundamental (30Hz) = 4.0304 , THD= 8.6%
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Fig. 13. THD wave of different methods on the �–� plane
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7. Conclusions

In this paper, the VV25-Bi MPCmethod based on the biplane virtual voltage vector is proposed
to solve the shortcomings of the DTP–PMSM, such as high current harmonic content, large flux
ripple and torque ripple. In the proposed VV25-Bi MPC, 25 virtual voltage vectors are synthesized
in the �–� sub-plane and x–y sub-plane for independent control in each plane, to suppress the
harmonic current in the x–y sub-plane, enhance the anti-interference ability of the motor, reduce
the harmonic loss and torque ripple, and improve the operation performance of the DTP–PMSM
system. Compared with the single-plane VV13 and VV25 MPC strategies, the proposed biplane
VV25-Bi MPC strategy can better suppress the harmonic currents. The simulation model and
experimental platform are designed. The simulation and experimental results verify the superiority
of the proposed method, which has better control performance and can meet the high-performance
control requirements of the DTP–PMSM.
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