Research on an improved deadbeat model predictive
current control of double three-phase open-winding
permanent magnet motor

Ou Sha', Hongyu Tang?

School of Electrical and Information, Zhenjiang College, Zhenjiang, China
2Corresponding author

E-mail: '/3852944278@139.com, *t_redrain@126.com

Received 11 July 2024; accepted 8 October 2024; published online 18 October 2024 W) Check for updates
DOI https://doi.org/10.21595/jve.2024.24350

Copyright © 2024 Ou Sha, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. Model predictive current control has high control accuracy and good control
performance, and has been widely applied in the control strategy of dual three-phase permanent
magnet synchronous motors. This article proposes an improved deadbeat model predictive current
control (DMPCC) method by analyzing the mathematical model of a dual three-phase
open-winding permanent magnet synchronous motor. One inverter predicts and calculates the
optimal voltage vector through the deadbeat model, while the other inverter calculates the optimal
voltage vector through the value function rolling optimization. This method reduces the
computational workload of the controller, avoids the delay problem of the traditional model
predictive current control (MPCC) method, improves the system's response speed, effectively
suppresses the current in the harmonic sub-plane, and reduces torque ripple. The simulation results
have verified the accuracy and speed of the above control method.

Keywords: open-winding, deadbeat, model predictive current control, double three-phase open-
winding permanent magnet motor.

1. Introduction

In recent years, new energy technologies mainly based on electricity have developed rapidly,
and motor drives, as the main body of electricity consumption, have received widespread
attention[1-3]. The open-winding multiphase motor drive system has the advantages of high
output power, high torque density, strong fault tolerance, and low single-phase rated power [4-6],
which can ensure the increase of system capacity while supplying power to the low-voltage DC
bus. However, due to the increase in the number of inverter phases, the control algorithm becomes
more complex. The harmonic impedance of multiphase motors is small, there are multiple
harmonic sub-planes, and the more phases there are, the more difficult it is to suppress harmonic
currents, which increases stator losses and torque ripple. The phase angle of an asymmetric dual
three-phase motor is 30°, and its spatial magnetic potential distribution is consistent with that of a
symmetric twelve phase motor. It can effectively eliminate 5th and 7th harmonic magnetic
potential and 6th torque ripple, resulting in smoother torque output and lower torque ripple.
Therefore, this paper focuses on the research of an open-winding asymmetric dual three-phase
motor.

At present, research on open-winding multiphase motor drive technology mainly focuses on
model predictive current control, direct torque control, fault-tolerant control, and other aspects
[7]. Reference [8] proposed an efficient direct torque control strategy based on space vector
modulation for dual three-phase permanent magnet synchronous motor. This strategy adopts the
space vector modulation technique to compensate for the stator flux error, and then the continuous
smooth response of the vector control and the rapid response of direct torque control are both
achieved. However, this method fails to effectively reduce the harmonic current in the 04-0,
sub-plane, and the torque ripple suppression effect is limited. Reference [9] combines model
predictive torque control with the principle of deadbeat control, selecting the target voltage vector
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from adjacent vectors of the expected voltage vector, avoiding the complex operation of rolling
optimization of the value function, and improving the system response speed. However, this
control method has limited effectiveness in suppressing fifth and seventh current harmonics, and
fails to effectively reduce harmonic content, resulting in ripple in the output torque. To reduce
torque ripple, reference [10] proposes a dual virtual vector model predictive current control
strategy. The zero vector and adjacent virtual vectors are combined to construct the expected
voltage vector. Reference [11] proposes a three-vector predictive current control method for
permanent magnet synchronous motors based on an improved sliding mode perturbation observer
without a finite set model. However, these methods involve a large amount of computation, which
reduces the dynamic response speed of the motor. Reference [12] proposes a model predictive
current control strategy based on a six-phase stationary coordinate system. The control algorithm
is simple and improves the response speed of the motor, but the electromagnetic torque ripple of
the motor cannot be completely eliminated. Reference [13,14] both propose an improved model
predictive current control strategy that can reduce the harmonic content of the stator winding and
reduce torque ripple. However, the motor has a large dependence on system parameters, and there
are current prediction errors in systems with varying parameters. Therefore, reference [15]
proposes a finite set predictive current control based on sampling error. The open-wound motor
parameters are not used in the prediction algorithm, but the method cannot effectively reduce the
harmonic components in the stator winding, and the output torque contains ripples. Reference [16]
proposes an adaptive model predictive current control strategy for an isolated bus open-winding
five phase permanent magnet motor. By optimizing the selection of the output voltage vector of
the dual five phase inverter, switch device losses and stator current harmonics can be reduced.
However, this control strategy cannot be used in a common bus topology. Reference [17] proposes
a model predictive current control strategy for open-winding nine phase permanent magnet
motors. By synthesizing virtual voltage vectors online in the harmonic subspace, the stator current
harmonic content is reduced, and the torque ripple of the motor is reduced. However, this method
requires online synthesis of virtual voltage vectors, which requires a large amount of computation
and complex control.

This article proposes an improved deadbeat model predictive current control method for dual
three-phase open-winding permanent magnet synchronous motors, which divides the inverter into
two single six-phase inverters for driving control. Among them, a six-phase inverter calculates the
optimal voltage vector by using the fundamental wave plane deadbeat model to predict the current
control method, thereby avoiding the huge computational workload caused by rolling optimization
of the value function. Another six-phase inverter calculates the optimal voltage vector through the
prediction current control method based on the fundamental and harmonic plane models,
effectively suppressing the third, fifth, and seventh harmonics. A dual three-phase open-winding
permanent magnet motor drive system based on a combination of deadbeat model prediction and
value function rolling optimization prediction reduces the number of value function evaluations,
reduces the complexity of prediction algorithms, suppresses low order harmonics of stator current,
reduces electromagnetic torque ripple, and improves motor system efficiency.

2. Drive topology and mathematical model of dual three-phase open-winding permanent
magnet synchronous motor

2.1. A Drive topology of dual three-phase open-winding permanent magnet synchronous
motor

The dual three-phase permanent magnet synchronous motor with an open-winding structure
opens the neutral point of the traditional dual three-phase motor and uses dual inverters for power
supply, improving the flexibility of the control system [18, 19]. According to whether the dual
inverters are powered by a common DC bus, they can be divided into isolated topology and
common bus topology. The DC side of the common bus open-winding structure is powered by a
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single DC power source, with a simple topology and high utilization of DC voltage. However, due
to the existence of common mode voltage and zero sequence current circuits, special modulation
methods are needed to suppress zero sequence current [20]. This article studies the model
predictive current control strategy for a common bus line open-winding dual three-phase
permanent magnet synchronous motor. It effectively suppresses the third, fifth, and seventh
harmonics of the driving system while using a single DC power supply. The topology structure is
shown in Fig. 1.
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Fig. 1. Topology diagram of dual three-phase open-winding
permanent magnet synchronous motor drive system

2.2. Mathematical model of dual three-phase open-winding permanent magnet synchronous
motor

The dual three-phase open-winding permanent magnet synchronous motor is driven by two
six-phase inverters, each of which contains six bridge arms and two power switching devices on
each bridge arm. Using the vector [S] to represent the output state of each six-phase inverter bridge
arm, the state vector [S;] = {S4, S5, Sc, Sp, Sk, Sr} of six-phase inverter 1, where S4, Sg, S¢, Sp,
Sg, Sk respectively represent the switch state of the bridge arm of six-phase inverter 1. If the upper
bridge arm is conductive and the lower bridge arm is cut off, it is 1; otherwise, it is 0. Similarly,
the state vector [S;] = {Sq, Sp, Sc, Sa, Se, Sy} of six-phase inverter 2, where Sg, Sy, S¢, Sg, Se, S5
respectively represent the bridge arm switch states of six-phase inverter 2. From this, it can be
seen that each six-phase inverter has a total of 2°= 64 switch states [21, 22].

When analyzing the mathematical model of a dual three-phase open-winding permanent
magnet synchronous motor, the vector decoupling method is usually used. The Clarke coordinate
transformation is applied to the stator current equation in a six-phase natural coordinate system to
obtain the continuous domain stator current equation of the dual three-phase open-winding
permanent magnet motor for a-f8 sub-plane, z;-z, sub-plane, and 0,-0, sub-plane. The sub-plane
is orthogonal to each other. The stationary transformation matrix Ty of the dual three-phase motor
is shown in Eq. (1):
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The first two lines of Eq. (1) map the fundamental and 12k + 1 (k =1, 2, 3...) harmonics of
the motor to the a-f sub-plane, due to the rotation plane of the air gap magnetic flux of the motor
and a-f sub-plane are consistent, therefore the current component on the a-f sub-plane
participates in the process of electromechanical energy conversion. The middle two rows of Eq.(1)
map the 6k +1 (k =1, 3, 5...) harmonic of the motor to the z;-z, sub-plane, and the last two
rows of Eq. (1) map the 6k + 3 (k =1, 3, 5...) harmonic of the motor to the 0,-0, sub-plane. Due
to the orthogonality of the z,-z, and 0,-0, sub-planes with the air gap magnetic flux rotation plane
of the motor, the current components on the z;-z, and 0;-0, sub-planes do not participate in the
electromechanical energy conversion process, and there are harmonic current components, also
known as harmonic sub-planes. When controlling the dual three-phase open-winding permanent
magnet synchronous motor drive system, the given current values of the z,; axis, z, axis, 0, axis,
and o, axis in the z;-z, and 0;-0, sub-planes should be uniformly set to 0 to minimize the impact
of harmonic sub-plane currents on the motor control process.

The use of model predictive current control methods requires discretization of the continuous
domain stator current. The forward Euler discretization formula can be used to obtain the stator
current equations in the a-f, z;-z,, and 0;-0, sub-planes of the dual three-phase open-winding
permanent magnet synchronous motor in the discrete domain, as shown in Eq. (2):

weAsTssin(6,)

R,T.
ik +1) = (1_ L ) iq ) + == —ua(o
d d
R, T, weAsTscos(6,)
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R ('} T 2)
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0 0
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loy(k+1) = (1 - Z S) io1 (k) + uo1(l) WeAr3 Zsm( e)’
0 0
R;T, T 3weAs3Tscos(36
lo2(k+1) = (1 - Z S) P02 (k) + uoz(l) WeAr3 z ( e)’
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wherein: i, (k), ig(k), iz1(k), i,2(k), ip1(k), io2(k) are the discrete domain components of the
stator currents in the a-f, z;-z,, and 04-0, sub-planes, i (k + 1), ig(k +1), i,1(k+1),
iz(k +1), io1 (k) +1, ipy(k + 1) are the predicted values of i, (k), ig(k), i,1(k), iz (k),
lo1(K), io2(K), uq(k), ug(k), usy(k), usp(k), uoi(k), uyy(k) are the components of the
synthesized voltage vectors of the two six-phase inverters in the a-f8, z;-z,, and 0,-0, sub-planes,
T; is the control period, Ry is the stator resistance, L is the stator direct axis inductance, L is the
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stator quadrature axis inductance, Ly is the stator zero-sequence inductance, A is the amplitude
of the fundamental flux linkage of the permanent magnet, Af; is the amplitude of the third
harmonic flux linkage of the permanent magnet, w, is the feedback angular velocity of the motor,
and 6, is the feedback position angle of the motor.

3. Space voltage vector of six-phase inverter

The dual three-phase open-winding permanent magnet synchronous motor drive system has
64 switching states per six-phase inverter. Taking the six-phase inverter 1 as an example,
according to Eqgs. (3-4), each switching state has a corresponding voltage vector on the a-f
sub-plane and the z;-z, sub-plane:

1 . ) ) . )
v=3 Uge(Sq + Sce/1?0 + Spel?40 + Spe/30 + §pe/150 4 §.e/270), (3)

1 . . . , .
v, = gUdc(SA + Sce/40 + Spe/120 4 §pe/150 4 5030 4 . e)270), 4

where, U, is the DC side voltage, and v and v, are the spatial voltage vectors mapped to the
a-fB sub-plane and z;-z, sub-plane, respectively, for each switching state. From Egs. (4-5), a
voltage vector diagram of the 64 switching states of the six-phase inverter on the a-f sub-plane
and z;-z, sub-plane can be drawn, as shown in Fig. 2.

Fig. 2. The voltage vector diagram of a) @-f sub-plane and b) z;-z, sub-plane

Each voltage vector in Fig. 2 is represented by a pair of octal numbers. Converting the octal
numbers into binary numbers can obtain the switch state corresponding to this vector, such as
"2-3" representing the switch state (010011), which means that the upper arms of b, e, and f are
on, and the rest of the arms are off. Each plane contains 48 valid vectors, corresponding to 60
switch states, as well as 4 zero vectors, corresponding to switch states "0-0, 0-7, 7-0, 7-7".
According to the grouping of voltage vectors, the 48 valid voltage vectors can be divided into 4
regular dodecagons, consisting of 12 large vectors, 12 medium-large vectors, 12 medium vectors,
and 12 small vectors.

In the a-f subplane depicted in Fig. 2(a), when one set of inverter switches is fully open or
fully closed (switch state is 0 or 7), the stator voltage vector is entirely output by the other set of
inverter in a non-zero vector state, which can be equivalent to a conventional three-phase motor.
This scenario corresponds to 24 switching states. According to Eq. (3), 12 medium vectors can be
obtained, with an amplitude of U,./3, forming the G, ring in Fig. 2(a). Similarly, according to
Eq. (3), when the output vectors of the two sets of inverters differ by 30°, 12 large vectors can be
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synthesized, with an amplitude of 0.644U,., forming the G, ring in Fig. 2(a); when the output
vectors of the two sets of inverters differ by 90°, 12 medium-large vectors can be synthesized,
with an amplitude of 0.417U,, forming the G5 ring in Fig. 2(a); when the output vectors of the
two sets of inverters differ by 150°, 12 small vectors can be synthesized, with an amplitude of
0.173U,,, forming the G, ring in Fig. 2(a).

Similarly, in the z;-z, sub-plane depicted in Fig. 2(b), when one set of inverter switches is
fully open or fully closed (switch state is 0 or 7), 12 medium vectors with an amplitude of Uy, /3
can be obtained according to Eq. (4), forming the G, ring in Fig. 2(b). When the output vectors of
the two sets of inverters differ by 30°, 90°, or 150°, 12 large vectors, 12 medium-large vectors,
and 12 small vectors can be synthesized, respectively, forming the G;, G5, and G, rings in
Fig. 2(b). It can be observed that the large vectors in Fig.2(a) become small vectors in Fig. 2(b),
and the small vectors in Fig. 2(a) become large vectors in Fig. 2(b).

In this control system, inverter 1 uses 12 large vectors as the optimal target voltage vector, and
inverter 2 uses 12 large vectors, 12 medium-large vectors, and 4 zero vectors to participate in
evaluating the minimum value of the value function, obtaining the optimal target voltage vector
for inverter 2.

4. Simplified model prediction current control of dual three-phase open wound permanent
magnet synchronous motor

4.1. Control block diagram

The simplified model predictive current control block diagram of a dual three-phase open-
wound permanent magnet synchronous motor is shown in Fig. 3.
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Fig. 3. Control block diagram of simplified model prediction circuit

The sensor detects the feedback angular velocity w,, of the rotor of the dual three-phase motor,
and further obtains the given angular velocity weref and the error of the feedback angular velocity.
The proportional integral controller PI adjusts to obtain the given current iy, on the g-axis. The
given current ig..¢ on the d-axis is set to 0, and iy and igy.f are transformed through inverse
rotation coordinates to obtain the given current i,.s on the a-axis and the given current ig,.r on

the (-axis in the a-f sub-plane.
Using the deadbeat current prediction control method, the given voltage ug,r on the a-axis
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and the given voltage ug,.; on the f-axis in the a-f sub-plane of the dual three-phase
open-winding permanent magnet motor are calculated, and the sector position of the synthesized
voltage vector is determined to determine the optimal large voltage vector of inverter 1.

Calculate the errors of the optimal large voltage vector of inverter 1 and the 28 reference
voltage vectors of inverter 2 in the a-f sub-plane, z;-z, sub-plane, and 0,-0, sub-plane, evaluate
the minimum value of the value function, and obtain the optimal target voltage vector of inverter
2, thereby completing the model predictive current control of the dual three-phase open-winding
permanent magnet synchronous motor.

4.2. Control method of inverter 1

The inverter 1 calculates the given voltage uqror and the given voltage ug,.r of the a-f
sub-plane of the dual three-phase open-winding permanent magnet motor based on the deadbeat
current prediction control principle and the d-q axis given currents ig,cr and iy The essence
of deadbeat current prediction control is to eliminate the error between the state variable of the
system at the next moment and the reference quantity, so that the output current follows the given
value of the current without any error, thereby selecting the optimal control quantity as the
reference quantity for the next moment. According to the forward Euler discretization formula in
Eq. (2), the prediction model of the three sub-plane currents at time k + 1 can be obtained. Due
to the short sampling time, the current and voltage reference values of the a-f sub-plane can be
approximately equivalent to the expected values of the current and voltage at time k + 1, as shown
in Eq. (5):

(ia(k+1)= larefs
lﬁ(k + 1) = iﬂref:
Ua = Ugref,

Ujﬁ @ = UBref)

)

where, igrer, lgrefs Uares, and Ugyor are the reference values of the stator current and stator
voltage on the a-axis and S-axis at time k. Finally, by substituting Eq. (5) into Eq. (2), the given
voltage equation of the dual three-phase motor in the a-f sub-plane can be calculated, as shown
in Eq. (6):

( _ (La (k Losin(@ Lq .
Ugref = — F - Rs la( ) — We fSln( e) + Flarefl
s s (6)

Lq . Lq .
Ugref = — (Fs — RS> ig(k) + weAscos(6,) + i lgref-

Based on the a-axis reference voltage U,y and the §-axis reference voltage ug,, the sector
position angle 8,5 of the synthesized given voltage vector can be obtained, as shown in Eq. (7):

u
Oq4p = arctan —Bref (7)

uaref

To simplify the calculation of model predictive current control, the 12 largest voltage vectors
on the outermost layer of inverter 1 are taken as candidate target voltage vectors. The a-f8
sub-plane is divided into 12 sectors, with each candidate target voltage vector in a sector. The
distribution diagram of the outermost layer voltage vectors of inverter 1 is shown in Fig. 4.

According to the sector position angle 8,5 of the synthesized given voltage vector and Fig. 4,
the sector in which the synthesized given voltage vector is located can be determined, and the
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optimal target voltage vector Ugye; of inverter 1 can be determined. Because the open-winding
drive system has two inverters, the optimal target voltage vector of the dual three-phase motor
needs to be jointly determined by inverter 1 and inverter 2. In order to facilitate the joint evaluation
of the minimum value of the value function with the optimal target voltage vector of inverter 2, it
is necessary to decompose the optimal target voltage vector of inverter 1 in the a-f sub-plane,
7,-Z, sub-plane, and 0;-0, sub-plane to obtain the a-axis optimal target voltage component
Ua1-opt> P-axis optimal target voltage component Ugi_op:, Z;-axis optimal target voltage
component U,q1_qp¢, Zo-axis optimal target voltage component U1 _op¢, 01-aXis optimal target
voltage component U,qq_op:, and 0,-axis optimal target voltage component U,zq_gpe Of
inverter 1. The correspondence between the sector position angle of inverter 1 and the optimal
voltage vector is shown in Table 1, where Uy, is the common DC bus voltage of inverter 1 and
inverter 2.

Sector 4 Sector 3

66 )
/

Sector 2

Sector 6 4 Sector 1

a

4-5  Sector 12

Sector 7

5-1

Sector 8 / 1-1

|

| AN Sector 11
/ | \

|

|

|

\
/

/ Sector 9 Sector 10
I

Fig. 4. Distribution diagram of voltage vectors on the outermost layer of inverter 1

Table 1. Corresponding relationship between sector position angle and optimal voltage vector of inverter 1

Sector position angle . . . . . .
6. and sector a axis p axis Zy axis Z; axis 04 axis 0, axis

aﬂnumber component | component | component | component | component | component
0-m/6 | Sector 1 | 0.6220U;. | 0.1667U,. | 0.04466U,. | 0.1667U4. | —0.1667U4. | —0.1667U,,
mw/6-mt/3 | Sector 2 | 0.4553U;. | 0.4553U,. | —0.1220U,, | —0.1220U,4, | 0.1667U4. | —0.1667U,,
n/3-m/2 | Sector 3 | 0.1667U,. | 0.6220U,. | 0.1667U;. | 0.04466U,. | 0.1667U,. | 0.1667U,.
m/2-21/3 | Sector 4 | —0.1667U,4. | 0.6220U,. | —0.1667U,4. | 0.04466U;. | —0.1667U,. | 0.1667U,,
2m/3-51/6| Sector 5 | —0.4553U,,. | 0.4553U,. | 0.1220U,4, | —0.1220U,. | —0.1667U,4. | 0.1667U ;.
5m/6-m | Sector 6 | —0.6220U,. | 0.1667U,4, | —0.0447U,4. | 0.1667U4. | 0.1667U,4. | —0.1667U,,
—m-5m/6 | Sector 7 | —0.6220U4. | -0.1667U,. | —0.0447U,4. | —0.1667U;. | 0.1667U4. | 0.1667U,,
7;7://?_ Sector 8 | —0.4553U,, | —0.4553U4. | 0.1220U4, | 0.1220U4. | —0.1667U4. | 0.1667Ug4,
—2m/3-m/2| Sector 9 | —0.1667U,. | —0.6220U,. | —0.1667U,. | —0.0447U,. | —0.1667U,. | —0.1667U4,
—mt/2-/3 | Sector 10| 0.1667U,. | —0.6220U,4. | 0.1667U,. | —0.0447U,;. | 0.1667U,. | —0.1667U,,
—1t/3-m/6 | Sector 11| 0.4553U,. | —0.4553U,4. | —0.1220U,. | 0.1220U;. | 0.1667U,. | 0.1667U,,
—m/6-0 | Sector 12| 0.6220U,4. |—0.1667U,. | 0.04466U,. | —0.1667U,. | —0.1667U4. | 0.1667U,,

After determining the optimal target voltage vector of inverter 1, the switching signals of the
12 power switching devices of inverter 1 can be obtained based on the sector position of the
voltage vector. The correspondence between sector position and switching signal is shown in
Table 2.
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Table 2. Correspondence between sector position and switch signal
Sector code | S, | Sp Sp Sr
Sector 1
Sector 2
Sector 3
Sector 4
Sector 5
Sector 6
Sector 7
Sector 8
Sector 9
Sector 10
Sector 11
Sector 12

—_
(=]
—_
(e

el el Ll [ R e ) enl fen i R ) Rl Ll )
c_.—.—.—.—.—cooooé’)
ccoo.—.—.——.—.—ooé”

—_—— OO0 |I0(0 O |
S U U U iy (N F = = =2 =1 =)

olo|lo|lo|lo|—|—|—|—|—~|~

4.3. Control method of inverter 2

Select 12 large vectors on the outermost layer, 12 medium-large vectors on the second
outermost layer, and 4 zero vectors of the inverter 2 to form a set of candidate target voltage
vectors, with a total of 28 vectors. The distribution of the 28 candidate target voltage vectors on
the a-f sub-plane, z;-z, sub-plane, and 0;-0, sub-plane is shown in Figs. 5-7.

1
Sy medium to

large vectors
4-5

/ ! \

Fig. 5. Distribution diagram of alternative vector group of inverter 2 in @-f sub-plane

AZ2

Fig. 6. Distribution diagram of alternative vector group of inverter 2 in z;-z, sub-plane
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Fig. 7. Distribution diagram of alternative vector group of inverter 2 in 01-0, sub-plane

According to the distribution rule of target voltage vectors on the three sub-planes, the a-f8
sub-plane, the z;-z, sub-plane, and the 0,-0, sub-plane can obtain 28 candidate target voltage
vectors with a-axis component Ugy(;y, f-axis component Ugy(;y, Zi-axis component U,q,(),
z,-axis component U,;;;), 01-axis component Uy (), 02-axis component U,y on the a-f8
sub-plane, the z;-z, sub-plane, and the o0,—o0, sub-plane, respectively.
i ={1,2,3,4,56,7,89,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28}.

Subtracting the a-axis optimal target voltage component Ugq_qp¢, B-axis optimal target
voltage component Ugy_op, Z1-axis optimal target voltage component Uy1_qp;, Zp-axis optimal
target voltage component Uy,,1_op;, 01-axis optimal target voltage component Uyiq_gpe, and
0,-axis optimal target voltage component Upyzq_op¢ Of inverter 1 from the 28 candidate target
voltage vectors of inverter 2 in the corresponding axes, we can obtain 28 synthesized candidate
voltage vectors on the a-f sub-plane, z;-z, sub-plane, and 0;-0, sub-plane of the dual
three-phase open-winding permanent magnet synchronous motor. Their component sizes on the
a-axis, [-axis, z;-axis, z,-axis, 0;-axis, and 0,-axis are respectively Uy(i), Up(iys Uz1(i)> U2y
Uo1(1y> and Uy (i)

Substituting the synthesized candidate voltage components into Eq. (8), the magnitude of the
corresponding value function G,p,1,20102 Of the candidate voltage vector can be evaluated in turn,
and the minimum value is taken. The corresponding voltage vector is the synthesized target
voltage vector U,,;, which determines the optimal target voltage vector component Uy, of
inverter 2:

GaﬂleZoloZ = [ld(k + 1)]2 + [iQref - iq (k + 1)]2 + [izl (k + 1)]2 + [izz (k + 1)]2 (8)
+ior (k + D]? + [igz (k + D]

5. Experimental results

In order to verify the effectiveness and correctness of the above control method, we used
MATLAB software to model and simulate a dual three-phase open-winding permanent magnet
motor. The motor parameters used are as follows: stator resistance Rs = 0.67 €2, stator direct axis
inductance Ly = 2.46 mH, stator quadrature axis inductance L, = 2.46 mH , stator zero-sequence
inductance Ly, = 0.5 mH, fundamental permanent magnet flux linkage A, = 0.0885 Wb, third
harmonic permanent magnet flux linkage 4¢3 = 0.005 Wb, and motor pole pair number P = 5.

Fig. 8 shows the torque, stator current, and speed waveforms of a dual three-phase
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open-winding permanent magnet motor. Fig. 8(a) shows the waveform diagram of
electromagnetic torque and load torque; Fig. 8(b) shows the waveform diagram of stator winding
current; Fig. 8(c) shows the waveform diagram of rotor speed. In the torque and speed waveforms,
the black line represents the reference value, the blue line represents the waveform curve
controlled by the DMPCC method, and the red line represents the waveform curve controlled by
the MPCC method. At 0.2 s, we adjusted the given speed from 375 n/min to 750 n/min. From the
simulation diagram, it can be seen that the phase current frequency of the motor increases.
Compared with MPCC, the motor speed increases faster under DMPCC control, and finally
stabilizes at 750 n/min. At 0.4 s, the load torque suddenly changed from 15 Nm to 30 Nm, and the
phase current amplitude of the motor increased. Compared with MPCC, the electromagnetic
torque of the motor under DMPCC control increased more rapidly, with smaller torque ripple and
speed fluctuation. Finally, the electromagnetic torque stabilized at 30 Nm and the speed stabilized
at 750 n/min. It can be seen that after adopting an improved deadbeat model prediction current
control strategy, the operation amount of the system is greatly reduced, avoiding complex value
function rolling optimization processes. Under this method control, the speed, torque, and stator
current of the motor have good steady-state and dynamic performance.
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Fig. 8. Torque, stator current and speed waveform diagram
of dual three-phase open-winding permanent magnet motor

Fig. 9 shows the current waveform diagrams of the d-q axis, z;-z, sub-plane, and 0;-0,
sub-plane of the motor. Fig. 9(a) shows the waveform diagram of the d-axis current; Fig. 9(b)
shows the waveform diagram of the g-axis current; Fig. 9(c) shows the waveform diagrams of the
z,-axis and z,-axis currents; Fig. 9(d) shows the waveform diagrams of the o0,-axis and 0,-axis
currents. The blue line in the Fig. 9 is the waveform curve controlled by the DMPCC method, and
the red line is the waveform curve controlled by the MPCC method. As can be seen from the
Fig. 9, there is still a certain deviation between the d-axis current and the value of 0 using the
DMPCC method, which needs further debugging to eliminate. However, due to the significant
reduction in the number of rolling optimization iterations of the value function by the DMPCC
method, it is more sensitive to d-q axis current control. Compared to the traditional MPCC
method, when using the DMPCC method, the d-axis current pulsation is smaller and the g-axis
current is closer to the given value.When the given values of speed and torque change, although
the current frequency of the d-axis and two harmonic sub-planes increases significantly, they can
be stabilized around 0, indicating that this method can effectively suppress harmonic currents in
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the motor and reduce torque ripple. At 0.4 s, the load torque suddenly increases, and the d-axis
current i; rapidly increases, ensuring that the output torque increases in time, demonstrating that
this control method has good dynamic performance.
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Fig. 9. Current waveform diagram of d-q axis, z;-z, sub-plane and 0,-0, sub-plane of motor
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Fig. 10. Waveform diagrams of motor torque, stator current, and speed under load disturbance

Fig. 10 depicts the waveform diagrams of the output torque, stator current, and speed of the
motor under load disturbance. Fig. 10(a) shows the waveform diagram of electromagnetic torque
and load torque; Fig. 10(b) shows the waveform diagram of stator winding current; Fig. 10(c)
shows the waveform diagram of rotor speed. In the torque and speed waveform diagrams, the
black line represents the load torque waveform and speed reference value, respectively. The blue
line represents the torque and speed waveforms controlled by the DMPCC method, while the red
line represents the torque and speed waveforms controlled by the MPCC method. At 0.1 s, a
positive disturbance of 5 Nm was added to the load torque, lasting for 0.03 s; at 0.3 s, a negative
disturbance of -5 Nm was added to the load torque, lasting for 0.03 s. From the waveform
diagrams, it can be observed that when the load torque suddenly increases or decreases, the
magnitude of the stator current will rapidly increase or decrease. Compared to the MPCC method,
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when a load disturbance occurs, the output torque response of the DMPCC method is more rapid.
Whether it is a positive disturbance or a negative disturbance, the output torque of DMPCC can
quickly change according to the change in load torque, and the speed fluctuation is also smaller.
This indicates that after simplifying the value function for rolling optimization, the sensitivity of
motor control is improved, and the motor exhibits high stability and anti-interference capability.

6. Conclusions

This paper proposes a simplified model predictive current control strategy for dual three-phase
open-winding permanent magnet synchronous motors, in which inverter 1 obtains optimal voltage
vectors through a fundamental sub-plane deadbeat model predictive current control method, and
inverter 2 obtains optimal voltage vectors through a value function rolling optimization model
predictive current control method. Through experiments, this article has reached the following
conclusions:

1) This method combines deadbeat model prediction with value function rolling optimization
prediction, and is applied to dual three-phase open-winding permanent magnet synchronous motor
drive systems, reducing the number of value function evaluations and reducing the complexity of
the prediction algorithm.

2) Compared to traditional MPCC methods, when using the DMPCC method, the d-axis
current ripple is smaller, the g-axis current is closer to the given value, and the DMPCC method
is more sensitive to d-q axis current control.

3) Under the control of DMPCC, when the load torque suddenly increases, the electromagnetic
torque increases more rapidly and the speed fluctuation is smaller; When the given speed
increases, the motor speed rises faster, indicating that the motor under DMPCC control has better
dynamic performance and anti-interference capabilities.

4) DMPCC achieves coordinated control of the fundamental and harmonic sub-planes of the
inverter 2, effectively suppressing the low-order harmonics of the stator current, reducing
electromagnetic torque ripple, and improving the efficiency of the motor system.
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