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Abstract: This paper proposes a low-complexity model predictive current control (MPCC)
strategy based on extended voltage vectors to enhance the computational efficiency and
steady-state performance of three-phase series-winding permanent magnet synchronous
motors (TPSW-PMSMs). Compared to conventional MPCC methods, this approach in-
creases the number of candidate voltage vectors in the alpha-beta plane from 8 to 38,
thereby achieving better steady-state performance. Specifically, the proposed method
reduces the total harmonic distortion (THD) by 59%. To improve computational efficiency,
a two-stage filtering strategy is employed, significantly reducing the computational burden.
The number of voltage vectors traversed in one control period is reduced from 38 to a max-
imum of 4, achieving an 89% reduction in traversals. Additionally, to mitigate the impact
of zero-sequence currents, zero-sequence current suppression is implemented within the
control system for effective compensation. By combining low computational complexity,
reliable steady-state performance, and real-time control capabilities, this strategy provides
an efficient solution for TPSW-PMSM systems. Simulation results validate the effectiveness
of the proposed method.

Keywords: model predictive control (MPC); permanent magnet synchronous motors
(PMSM); series-winding topology; low computational burden

1. Introduction

Permanent magnet synchronous motors (PMSMs) are widely used in industrial ap-
plications due to their simple structure, high power density, and efficiency [1]. These
features make PMSMs ideal for electric vehicles (EVs), industrial applications, and wind
power generation, where energy efficiency and reliability are essential [2-5]. Conventional
star-connected motor drive systems typically achieve only 57.7% DC voltage utilization.
To overcome this, open-end winding motor drive systems have been extensively studied,
proving effective in enhancing DC voltage utilization and improving energy efficiency [6].
Open-end winding motor configurations not only improve voltage utilization but also
enhance fault tolerance, making them ideal for critical applications like electric transporta-
tion [7-9]. The ability to operate under fault conditions without significant performance
degradation enhances the reliability and safety of electric vehicles, electric buses, and
other transport systems, which are expected to maintain continuous operation even under
challenging conditions [10]. The combination of better voltage efficiency and fault toler-
ance has driven research into advanced control strategies for open-winding PMSMs to
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optimize their practical applications [11]. The introduction of open-end winding topology
improves performance but increases system costs due to the use of more power components.
Series-winding motor drives offer a cost-effective alternative, balancing performance and
cost [12,13]. Compared to open-end winding motor drives, series-winding motor drives
achieve the same dc-link utilization. Improved dc-link utilization in AC drive systems
offers several benefits: lower voltage limits make it easier to meet battery and isolation re-
quirements [14], and the reduction in bus voltage helps minimize dead-time harmonics [15].
Additionally, this topology only adds a single bridge arm compared to conventional motor
drives.

In open-winding and series-winding motor drives, the open neutral point creates
a zero-sequence subspace, leading to increased zero-sequence current, higher total har-
monic distortion (THD), and greater torque ripple [16-18]. To improve control system
performance, suppressing zero-sequence current is essential. Many studies have focused
on this issue, especially for open-winding and series-winding motor drives. In Ref. [19],
a zero-sequence current suppression method for open-winding motor drive systems is
proposed, employing feedforward voltage compensation and a resonant controller to
effectively mitigate zero-sequence current. A novel zero-sequence current suppression
control strategy designed for a five-phase open-end winding fault-tolerant drive system
is proposed [20], utilizing an unequal distribution of zero-voltage vectors for effective
suppression. In Ref. [21], a suppression method based on a second-order generalized
integrator is introduced, applicable to permanent magnet brushless motor drive systems.
Ref. [22] presented a direct torque control strategy for series-winding permanent magnet
synchronous motors with zero-sequence current suppression capability. This strategy uses
closed-loop control to simultaneously regulate electromagnetic torque, stator flux linkage,
and zero-sequence current. In Ref. [23], the authors propose a g-axis current injection
method based on angle-shifted voltage distribution to suppress torque ripple. This method
effectively counteracts the torque ripple caused by zero-sequence currents by generating a
torque component through the injected g-axis current. Based on the above discussion, it
can be seen that the active control of zero-sequence currents is necessary for zero-sequence
current suppression in the TPSW-PMSM drive [24].

Additionally, model predictive control (MPC), as an advanced control method, has
been introduced in TPSW-PMSM drive systems due to its simplicity and flexibility in han-
dling multiple objectives, such as switching frequency, harmonic current suppression, and
common-mode voltage elimination [25]. Depending on the control actions, the model pre-
dictive control (MPC) strategies for permanent magnet synchronous motors (PMSMs) can
be classified into two types: finite control set model predictive control (FCS-MPC) [26,27]
and continuous control set model predictive control (CCS-MPC) [28,29]. Due to the compu-
tational limitations of microprocessors, CCS-MPC has not seen widespread use, whereas
FCS-MPC is more commonly preferred for practical applications [30,31]. FCS-MPC pro-
vides simpler computational realization, making it suitable for systems where fast dynamic
response is essential and computational resources are limited [32]. Based on different con-
trol objectives, MPC for PMSM can be further divided into model predictive current control
(MPCC) [33-35], model predictive torque control (MPTC) [36,37], and model predictive
speed control (MPSC) [38,39]. The basic principle of conventional MPC involves traversing
all possible voltage vectors generated by the converter and selecting the voltage vector that
minimizes the cost function as the output. Conventional MPC outputs only one voltage
vector per sampling period, which can lead to significant current ripples [40]. To address
this issue, duty-cycle-based MPC [41] was proposed, which allocates time between active
and null voltage vectors within one period, effectively improving the quality of the output
current. However, duty cycle control does not achieve the optimal voltage vector, as the
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combination of active and null voltage vectors can only change the magnitude of the basic
voltage vector without altering its angle. To address this limitation, multi-vector model
predictive control (MV-MPC) [42] was proposed. In this approach, the second vector is not
restricted to null vectors but can be selected from all available vectors. Compared to duty
ratio model predictive control, MV-MPC significantly improves control performance. It
is noteworthy that as the number of secondary voltage vectors increases, the number of
voltage vectors that need to be evaluated within one control cycle also rises. This inevitably
leads to a greater computational burden, which can affect the real-time performance of the
control system.

To this end, a low-complexity model predictive current control with zero-sequence
current suppression capability is proposed for the TPSW-PMSM drive system. By subdi-
viding the voltage vectors and pre-combining them, additional virtual voltage vectors are
created to improve the system’s steady-state performance. At the same time, to reduce
the computational burden caused by the increased number of virtual voltage vectors, a
simplified search strategy is introduced. This strategy selects the sector in advance based
on the location of the reference voltage vector and eliminates redundant voltage vectors by
assessing the magnitude of the reference voltage vector, significantly reducing the computa-
tional load. Furthermore, to suppress zero-sequence current, the method of zero-sequence
voltage injection is employed.

The paper is organized as follows: Section 2 presents the TPSW-PMSM mathematical
model and the distribution of basic voltage vectors. Section 3 introduces the simplified
sector selection method and voltage distribution principles. Section 4 discusses zero-
sequence voltage injection and time allocation for voltage components. Finally, Section 5
presents simulation results to validate the proposed method.

2. Modeling of TPSW-PMSM Drive
2.1. Mathematical Model of the TPSW-PMSM

In Figure 1, three different topologies are presented. Figure 1a illustrates the three-
bridge-arm drive structure, which uses the fewest transistors. However, due to its limited
output capability, the utilization of the dc-link is restricted to only 57.7%. Figure 1b shows
the six-bridge-arm open-winding drive structure, which allows for a 100% utilization of
the dc-link, but with a significant increase in the number of transistors. Figure 1c depicts
the series-winding drive structure, where the dc-link utilization is the same as that of the
open-winding topology, but with only four bridge arms, resulting in a noticeable reduction
in the number of transistors.

According to the Clarke and Park transformation, the stator voltage in the d-g-0
coordinate system can be expressed by the following voltage equations:

Uy id d id —Lqiq
ug| = R; iq + quoa iq + we Lgig + 1,L7f (1)
Uup io i() —3¢f3 sin(39,3)

In this context, 14, ug, ug and iy, iy, ip represent the voltage and current in the d — g — 0
coordinate system, respectively. §r denotes the stator flux linkage. i¢3 indicates the third-
harmonic rotor flux linkage. R, represents the stator resistance. 6, stands for the electrical
angle of the rotor. The inductance in the d — g — 0 axis can be expressed as L ;0. The torque
equation of the TPSW-PMSM can be expressed as follows:

3 , - . .
Te = Snplyrig + (La — Lg)iaig — 693 sin(36e)io] @)
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Figure 1. (a) Conventional PMSM drive topology diagram; (b) TPOW-PMSM drive topology diagram;
(c) TPSW-PMSM drive topology diagram.

2.2. Voltage Vector Distribution Within the Subspace

Compared to the conventional Y-connected topology, the unique structure of the TPSW-
PMSM results in a higher-dimensional zero-sequence subspace and an increased number of
basic voltage vectors. Figure 2a shows the three-dimensional distribution of these voltage
vectors, while Figure 2b illustrates their two-dimensional distribution. Notably, Vy and Vi5
are two null voltage vectors that are not shown in the figures.

(a) (b)

Figure 2. (a) Basic voltage vector distribution in 3-D space. (b) Basic voltage vector distribution in
2-D space.

To simplify further analysis, Table 1 presents the components of all basic voltage
vectors on the afz axis and their corresponding switching states. In the series-winding
drive, besides the voltage vectors in the a plane, there are also voltage vectors along the
z-axis. As the number of bridge arms increases, the number of voltage vectors grows from
the original 2° to 2%. Since the optimal voltage vector in model predictive control (MPC) is
selected through an exhaustive search, the increase in voltage vectors inevitably results in
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higher computational demands. Out of the 16 basic voltage vectors, Vj and Vj5 are null
vectors that only alter the magnitude of the synthesized voltage vector without changing
its angle. The V; 469 11,13 Vectors are effective vectors without zero-sequence components,
while the vectors Vg 10,12,14 have positive zero-sequence components with an amplitude
of u;. /3. Finally, the vectors V] 357 have negative zero-sequence components, with an
amplitude of —u,./3.

Table 1. Components of voltage vectors in afz axis.

Voltage Switching u " u
Vectors States « B z
Vo 0000 0 0 0
Vi 0001 uge/3 uge/ V3 —uge/3
Vs 0010 0 —2uy./V3 0
V3 0011 Uge/3 —ug./V3 —ug./3
1A 0100 —Uge uge/V3 0
Vs 0101 —2u,./3 2ug:./V3 —uge/3
Ve 0110 —Uge —ug./V3 0
1%4 0111 —Zudc/S 0 —udc/3
Vs 1000 2uy./3 0 ugc/3
Vo 1001 Uge uge/ V3 0
Vio 1010 2u4./3 —2uy./V3 Uge/3
Vll 1011 Uge —udc/\@ 0
Via 1100 —u4./3 uge/ V3 uge/3
Vis 1101 0 2uy./V3 0
Via 1110 —ug./3 —ug. /3 Uug./3
Vis 1111 0 0 0

3. Improved MPCC for TPSW-PMSM

This section presents the improved model predictive current control (MPCC) for
TPSW-PMSM, starting with a detailed explanation of its underlying principles and the
corresponding mathematical model. The limitations of the conventional MPCC approach
are then discussed, leading to the introduction of the proposed improvements in this work.

3.1. Basic Principles of MPCC

First, the discrete mathematical model of the TPSW-PMSM is defined, which is the
key to implementing MPCC, as shown in (3).

1— T.Ry weTlslg 0

ig(k+1) Iy I, iq(k)
ig(k+1) | = —% 1-5& o iy (k)
io(k+1) 0 0 1- TR | ] do(k) 3)
Md(k)/Ld 0
+Ts | ug(k)/Ly + we (k) —Tsv,bf/Lq
Ug (k) /Lo 3¢f3 Sin(?)ge)TS/Lo ]

k represents the kth step, while k 4+ 1 denotes the predicted value at the next time step.
Ts is the sampling period. The basic principle of MPCC is to utilize the controlled model
described above, iteratively traversing all basic voltage vectors during each sampling
period to predict future system behavior. The predicted current values are then substituted
into the cost function (4) to evaluate errors.

ref . 2 ref . 2 ref . 2
§=liy" —ia(k+ )] +[ig” —ig(k+1)] +6[iy" +io(k+1)] 4)



Electronics 2025, 14, 127

6 of 18

In (4), i;ef , i:]ef ,and i(r)ef represent the reference current values. Since the error between
ip and its reference value is smaller compared to the errors between i; ; and their respective
reference values, a weighting coefficient J is introduced to prioritize iy in the control system.
The MPCC model selects the voltage vector that minimizes the cost function as the output
and applies it within the control period. It is worth noting that due to inherent time delays
in system computation and execution, discrepancies may arise between the control signals
and system response. To effectively address this issue, a delay compensation component is
integrated into the MPCC.

As mentioned in the previous section, the introduction of the zero-sequence subspace
generates more voltage vectors, which results in a greater computational burden. This
increased complexity can have negative impacts in scenarios where high dynamic per-
formance is required, making the reduction in computational complexity an urgent issue
to address. Additionally, in conventional MPCC, only one voltage vector is output per
sampling period, which can lead to significant discrepancies between the optimal voltage
vector and the desired voltage vector, thereby causing large steady-state errors.

3.2. Basic Principles of Proposed MPCC

As mentioned above, this paper primarily focuses on two aspects of conventional
MPCC: computational complexity and steady-state performance. The following sections
introduce the methods adopted in this paper for addressing these issues.

3.2.1. Expanded Voltage Vectors

In conventional MPCC, only one voltage vector is output per sampling period, which
inevitably results in significant current and torque fluctuations. To address this issue, a
duty cycle control (DCC) method is proposed, combining effective voltage vectors (V,, V4,
Ve, Vo, V11, Vi3) and null voltage vectors (Vy, Vi5). This method adjusts the amplitude of the
effective voltage vectors to make the final output voltage vector more closely approximate
the reference voltage vector. However, since this approach only modifies the amplitude
of the voltage vectors, the improvement in steady-state performance is quite limited.
Subsequently, a dual-vector model predictive control method (DVMPCC) is introduced,
where the selection of the second vector is no longer restricted to null voltage vectors but
includes all voltage vectors. This significantly enhances the steady-state performance of
the control system. The trade-off, however, is the increased computational burden due to
the complex voltage vector traversal and time allocation calculations.

To this end, this section proposes a voltage vector refinement strategy. To address
the issue of limited voltage vectors in the af plane, the six original voltage vectors are
first divided into three regions based on their magnitudes, as illustrated geometrically
in Figure 3a. Compared to conventional MPCC, this approach provides more selectable
voltage vectors, resulting in improved steady-state performance. Unlike DCC-MPCC and
DV-MPCC, this method eliminates the step of calculating time allocation, thereby reducing
computational complexity; however, it requires pre-combination of virtual voltage vectors.
An example illustrating the pre-combination principle for any given region is shown in
Figure 3b. After the voltage vector subdivision, the 8 effective voltage vectors on the
plane expand to 38 vectors. Whether considered from the perspective of vector angles or
magnitudes, the refined set of 38 voltage vectors offers a more comprehensive coverage.
However, it is important to note that the number of voltage vectors that need to be traversed
per cycle increases approximately sixfold. Therefore, it is necessary to pre-filter certain
voltage vectors based on the position and magnitude of the reference voltage vector.
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Figure 3. (a) Regional subdivision principle. (b) Pre-combination principle.

3.2.2. Simplified Voltage Vector Selection

In conventional MPCC, the general method for determining the sector in which the
reference voltage lies involves transforming the reference voltage vector obtained from
(5) using the inverse Park transformation (6) to obtain its components on the af-axis.
By dividing these components and calculating the arctangent (7), the angle 6 relative to
the & — axis is determined, which is then used to identify the sector. Although many
microcontroller unit (MCU) manufacturers provide computational libraries that include
arctangent functions, these calculations are time-consuming and affect the response speed
of the current loop.

il i .
uf = Raig(k) + S O] o () Lyiy (K)

: ' o ' (G))
uf?f = Raig(k) + 2O o () [Laig () + ]
uff _ |cosB, —sin0, ”;Ef (6)
ulr;f ~ |sin®, cos6, u;ef
uref
6 = arctan(——) 7)
uref
B

Figure 4 illustrates the simplified sector selection principle. First, the (a,b,c) three-
phase reference frame is established, with the three axes separated by 120 degrees and
perpendicular to the boundaries of sectors I, I1I, and V, respectively. Therefore, the com-
ponents u,, uy, e and Uy, ug have a clear geometric relationship, as shown in (8). The
sector of the reference voltage can be determined based on the polarity of the voltage in the
[0n = 1] & [ux > 0]

(a,b,c) coordinate system, resulting in { [0 = 0] & [uy < 0]
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Figure 4. Simplified sector selection principle.

The correspondence between the signs of the components and the sectors is shown in
Table 2.

a 2 2 Uy
Uy | = -1 0 [u‘| (8)
Ly gl

Table 2. The relationship between logical variables and the polarity of auxiliary variables.

Sector Logical Values
I Calblc
I Calble
I Lol
v Galble
v Calyle
VI Galble

After determining the sector, the effective voltage vectors at the boundaries of the
sector can be identified. To further filter the voltage vectors, a voltage selection method
based on the magnitude of the reference voltage vector is proposed. The region can be
determined by evaluating the magnitude of the reference voltage vector, as shown in
u'e f

(9). The calculation formula for the reference voltage magnitude is as follows:
2 2
()" + (g
Region 1, 0 <‘u’ef‘ < %udt
Region 2, %udc < |wef| < %udc )
Region 3, %udc < |uf| < %ﬁudc
By combining the simplified sector determination principle and the magnitude judg-
ment principle, the number of voltage vectors that need to be evaluated within one cycle is
significantly reduced—from the original 38 voltage vectors to a maximum of 4. The voltage
vector selection is based on the position and magnitude of the reference voltage vector,

with the selected voltage vectors being the ones closest to the reference. These vectors are
the most likely to be optimal. Therefore, the method ensures that critical voltage vectors are
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not lost during the selection process, preventing any deterioration in control performance.
This approach greatly balances steady-state performance with computational complexity.

4. Zero-Sequence Current Suppression Strategy

As mentioned earlier, due to the topology of the TPSW-PMSM drive, the emergence of
a zero-sequence subspace is inevitable. Section 3 discussed the voltage vector optimiza-
tion strategy in the af plane, and this section focuses on suppressing the zero-sequence
component. First, the vectors within the zero-sequence subspace are analyzed, defin-
ing the intersection of the af plane and the z-axis as the zero point of the z-axis, with
the positive direction upward and the negative direction downward. The eight voltage
vectors within the zero-sequence subspace can be categorized into vectors with positive
zero-sequence components (Vg, Vig, V1o, V14), with z-axis components u,./3, and vectors
with negative zero-sequence components (V1, Vs, V5, V), with z-axis components —u,./3.
Notably, each of the positive and negative sets includes three fully symmetrical voltage
vectors (Vs, Viz, Vi4) and (Vy, V3, V), which implies that their resultant voltage vector can
precisely form a complete zero-sequence vector. The set details are shown in Figure 5.

Figure 5. Voltage vector distribution within the zero-sequence subspace.

It can be observed that, due to the symmetry among the three vectors, their resultant
vector has no a3 components and can be modulated independently. Referring to Table 1, to
achieve the forward synthesized voltage vector ., the conduction times of the four bridge
arms are, respectively, defined as follows:

(Ll,Lz,L3,L4):k>< (1, ,0) XTS,(0<k§1)

NI~
QW=

Similarly, to achieve the negative synthesized voltage vector u,,, the conduction times
of the four bridge arms are defined as follows.

(Ll,Lz, Ls, L4) =k x (0, 1) x T, (0 <k< 15)

11
3”2’
The coefficients k are obtained from (10).

.ref_,
g = Raig(k) + 2080 300, (k)3 sin (36,
u('ff)Z 10

k: udc/3
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Combining the voltage output strategy on the a plane mentioned in Section 3, the
vector modulation in three-dimensional space is completed. However, it is necessary to
consider the possibility of over-modulation when zero-sequence voltage is included. Over-
modulation refers to a situation in MPC where the amplitude of the generated modulation
signal exceeds the allowed maximum range, causing the output voltage to surpass the
system’s normal operating limits.

If the operating time of any switching signal for the final output voltage vector exceeds
Ts, the inverter cannot output that voltage vector, potentially leading to poorer performance.
Therefore, it is important to determine the priority between the voltage vector on the a
plane and the zero-sequence voltage vector. From the perspective of coverage, the area
that the a8 plane can cover is evidently broader. Thus, when over-modulation occurs, the
coefficient k needs to be reconsidered, as shown in (11), where T4 represents the conduction
time of the bridge arm corresponding to the voltage vector within the a8 plane. Figure 6
shows the control block diagram of the proposed method. First, the reference voltage
value is calculated based on the current reference and the actual current values. Then, the
region is selected according to the magnitude of the reference voltage, and the sector is
selected based on the position of the reference voltage in the coordinate system. Further,
the range of candidate voltage vectors is reduced according to two selection principles.
Finally, zero-sequence current suppression is performed.

Taﬁ Taﬁ
. 1 —max(--), k—l—max(TT—s) >1 an
ap
k, k+max(") <1
[ [
Four-Leg VSI
A
Zero-
>$< —>1 D&ﬁgg —»| Sequence [P J I\ '
Expanded Suppression o\
Voltage
Vectors ]
i b
uy!
Sector - \A Al
Selection i, ()
Reference \{oltage < dg Clarke/Park
. Calculation
Region | ™7
Selection |
@ f
-re] -re] -re] '
i i i o < Y w

Figure 6. Control diagram of proposed MPCC.

5. Experiment and Discussion

To verify the effectiveness of the proposed method, a simulation model for TPSW-
PMSM was built in MATLAB/Simulink, including the conventional MPCC simulation
model, the DCC-MPCC simulation model, the DV-MPCC simulation model, and the MPCC
simulation model proposed in this paper. Comparative simulation experiments were
conducted. Table 3 presents the various parameters used in the simulation models. The
conventional Y-connected motor opens the neutral point and connects the three-phase
windings of the motor stator in series to form the SW-PMSM.
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Table 3. Key parameters of TPSW-PMSM in the simulation model.

Parameters Value
Stator Resistance (Q)) 0.9
Pole Pairs 4
d — axis Inductance (mH) 3.7
g — axis Inductance (mH) 5
Zero — Sequence Inductance (mH) 4
Flux Linkage (WD) 0.08
Third Rotor Flux Linkage (Wb) 0.002

5.1. Steady-State Performance and Computational Complexity Evaluation

To fully demonstrate the improvement in steady-state performance achieved by this
method, comparative static performance experiments were conducted under different
operating conditions. First, the waveforms of the three-phase currents, their THD, and the
zero-sequence currents under different control methods at the same rotational speed are

presented, as shown in Figures 7 and 8.

is[A]

iy[ 4]

0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2

_ iLl lLIZ ‘ T [“, T T T T _ 10 , T T T iLll /lLIZ T ; T T T
S 0 = !
s -
o Lo R L o L A L
0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2 0.1 0.1 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2
T[s] Ts]
(c) (d)

Figure 7. Steady-state current performance under 1000 r/min and 2 N-m conditions: (a) conventional
MPCC method; (b) DCC-MPCC method; (¢) DV-MPCC method; (d) proposed MPCC method.
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0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2

T[s]
(b)
] THD=6.04%
_50. 1 0711 Of 12 0713 0714 OlvlS 0716 OI. 17 Of 18 OI. 19 0.2
Tls]

()

Figure 8. THD of phase current under 1000 r/min and 2 N-m conditions: (a) conventional MPCC
method; (b) DCC-MPCC method; (¢) proposed MPCC method.

Figure 7 illustrates the waveforms of the dg-axis currents and zero-sequence currents
under four different control methods, operating at 1000 r/min and 2 N-m. By comparing
Figure 7a,b, it is evident that the DCC-MPCC method, which employs a combination of
null voltage vectors and active voltage vectors within one control cycle, provides greater
flexibility in the amplitude of the output voltage vector. This results in noticeable improve-
ments in both the dg-axis currents and the zero-sequence current. Comparing Figure 7a,b,d,
the increased number of voltage vectors in the proposed method further expands the
feasible range of voltage vectors. As a result, the proposed method demonstrates signif-
icant improvements in static performance, evident in both the dg-axis currents and the
zero-sequence current. Furthermore, a comparison of Figure 7c,d shows that the static per-
formance of the proposed MPCC strategy is comparable to that of the DV-MPCC strategy.
This further proves that the proposed method can maintain excellent control performance
while significantly reducing computational complexity. The comparison of computational
efficiency between the proposed method and the DV-MPCC strategy is detailed in Table 4.

Table 4. Comparison between different methods.

Control Sch Number of Candidate = Computational Burden Time Allocation
ontrol Scheme Voltage Vectors of Sector Selection Calculations
Conventional-MPCC 16 Low No
DCC_MPCC. 6 Low Yes
(no sector selection)
DCC-MPCC .
(sector selection) 1 High Yes
DV-MPCC C2 =128 Low Yes
(no sector selection)
DV-MPCC .
(sector selection) 1 High Yes
Proposed MPCC <4 Low No

To further quantify the improvement in static performance, the ripple values cor-
responding to different control strategies were calculated using the standard deviation
method. The formula for calculating the d-axis current ripple is as follows:

N
idq_rip = Z [idq(n) - idq_av]z/N (12)

n=1
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The formula for calculating the ripple value of the zero-sequence current is as follows:

N
inip = 2 [iO(n) - iOJw]Z/N (13)

n=1

After calculations, the ripple values corresponding to the conventional MPCC are as
follows: the d-axis current ripple is 1.893 A, the g-axis current ripple is 1.121 A, and the
zero-sequence current ripple is 0.977 A. Due to the inclusion of null voltage vectors, the
ripple values for DCC-MPCC show a reduction, with values of 1.746 A, 0.973 A, and 0.861 A,
respectively. A comparison between DV-MPCC and the proposed method reveals minimal
differences in static performance. However, the proposed method significantly reduces the
computational burden, ensuring the real-time capability of the control system. Specifically,
the proposed method achieves a d-axis current ripple of 1.446 A, which represents a 24%
improvement compared to conventional MPCC. Similarly, the g-axis current ripple of
the proposed method is 0.660 A, offering a 41% improvement over conventional MPCC.
Additionally, the zero-sequence current ripple is improved by approximately 40% compared
to the conventional approach.

In comparison to the THD of phase currents shown in Figure 8, it is evident that the
proposed method significantly improves static performance over the traditional MPCC
method, with a reduction of 59.3% in THD. Compared to the DCC-MPCC method, the
THD is reduced by 40.8%.

By comparing Figure 9a,b, it can be concluded that the zero-sequence current suppres-
sion method proposed in this paper is effective. The THD is improved by 68.0% compared
to the control method without zero-sequence current suppression.

THD=18.87% THD=6.04%

5 5F j j j " 4
e ETAVAVAVAVAVAVAVAY
=, = M . . . . ]

0.1 0.12 0.14 0.16 0.18 0.2 0.1 0.12 0.14 0.16 0.18 0.2

T[s] T[s]

(a) (b)

Figure 9. THD of phase current under 1000 r/min and 2 N-m conditions: (a) proposed MPCC method
without zero-sequence current suppression; (b) proposed MPCC method with zero-sequence current
suppression.

Table 4 presents a comparison of different methods. The second column lists the
number of candidate voltage vectors that need to be traversed in each sampling period.
It can be seen that the method proposed in this paper requires traversing at most four
voltage vectors per sampling period. Compared to the conventional MPCC, this method
significantly reduces the computational burden while greatly improving static performance.
In contrast to the DV-MPCC without sector selection, the number of voltage vectors to
be traversed per period is reduced by at least 85.7%, which undoubtedly reduces the
computational load of the system. Compared to the DV-MPCC with sector selection, the
proposed method adopts a simpler and faster sector selection strategy, effectively reducing
computation time. Moreover, the method successfully avoids time allocation calculation,
further enhancing computational efficiency.

To gain a deeper understanding of the computational complexity of different methods,
this paper provides an algorithmic complexity analysis of several model predictive current
control (MPCC) strategies:
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Conventional MPCC: In conventional single-vector model predictive control, the basic
voltage vectors are not processed. In other words, each switching state corresponds
to a single, fixed voltage vector. Therefore, the control set consists of 16 elements
{Vili =0,1,...,15}, and conventional MPCC is relatively simple and direct, requiring
15 current predictions and 15 cost function evaluations per sampling period.
DCC-MPCC: In DCC-MPCC, a zero-voltage vector is introduced into the sampling
period. When considering only voltage vectors in the a plane, this method requires
six current predictions and six cost function evaluations per sampling period. If
three-dimensional modulation is considered, the computational demand will be even
higher.

DV-MPCC:DV-MPCC expands the candidate voltage vectors from the DCC-MPCC
approach, allowing the second voltage vector to extend beyond the zero vector. This
improves performance but results in an exponential increase in computational load.
When considering only the a8 plane, each sampling period requires C3 = 28 current
predictions and the same number of cost function evaluations, significantly increasing
the computational burden on the control system.

Proposed Method: By utilizing the voltage selection strategy and zero-sequence
voltage suppression, this method requires at most four current predictions and four
cost function evaluations per sampling period. Compared to conventional MPCC,
DCC-MPCC, and DV-MPCC, the computational load per cycle is significantly reduced.

5.2. Dynamic Performance Evaluation

In addition to the steady-state performance evaluation, dynamic performance vali-

dation was also conducted. In Figure 10, with torque held constant at 2 N-m, the speed
changes from 500 r/min to 1000 r/min. It can be observed that all four methods respond
quickly to the speed change, reaching the reference speed within approximately 30 ms. In
Figure 11, with the speed maintained at 1000 r/min, the torque is increased from 1 N-m
to 2 N-m. Similarly, all four methods exhibit reasonable dynamic performance, with the
proposed method showing superior torque ripple suppression compared to conventional
methods, demonstrating its advantages.

Tanc[A]

Speed[r/min]

ianc [A]

Speed[r/min]

Speed[r/min]

Tanc [A]

1 1 1 I
02 022 024 026 028 03 032 034 036 038 04 02 022 024 02 028 03 032 034 036 038 04

T[s] T[s]
(b)
T
=
T T T T T T T T T = T T T T T T T T T
1000 ‘E 1000
=
o
8
500 n N n N 1 L . L . & 50 N " " " ! L L L L
0.2 022 024 026 028 03 032 034 036 038 04 0.2 022 024 026 028 0.3 032 034 036 038 04
T[s] T[s]

() (d)

Figure 10. Dynamic performance under a sudden speed change (from 500 r/min to 1000 r/min) at
0.3 s: (a) conventional MPCC method; (b) DCC-MPCC method; (¢) DV-MPCC method; (d) proposed
MPCC method.
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Figure 11. Dynamic performance under a sudden torque change (from 1 N-m to 2 N-m) at 0.3 s:
(a) conventional MPCC method; (b) DCC-MPCC method; (¢) DV-MPCC method; (d) proposed MPCC
method.

6. Conclusions

This paper presents an advanced control method for the TPSW-PMSM drive that
strikes an optimal balance between computational complexity and static performance while
effectively suppressing zero-sequence current to minimize current and torque fluctuations.
The proposed method’s feasibility in reducing computational load and enhancing static
performance is confirmed through simulation studies. The main contributions of this
approach include the following;:

(1) This paper first addresses the drawbacks of conventional MPCC, which outputs only
one voltage vector per cycle, leading to significant errors. To resolve this, the method
subdivides basic voltage vectors by their magnitudes and synthesizes additional
vectors with greater flexibility in both angle and magnitude. This increases the
number of candidate voltage vectors on the 2D plane from 8 to 38, substantially
enhancing static performance. Compared to MV-MPCC, this method eliminates the
need for calculating the distribution of dwell time, further reducing the computational
burden.

(2) Given the potential computational challenges posed by the increased number of
voltage vectors, a simplified sector selection scheme and a region selection principle
are introduced. These strategies reduce the number of candidate voltage vectors from
38 to a maximum of 4, significantly lowering the computational load.

(3) To mitigate the adverse effects of zero-sequence components on control performance,
this paper employs a three-vector synthesis method, effectively suppressing the zero-
sequence current and greatly enhancing overall control performance.

Although the results presented in this paper are promising, there are several areas for
further improvement: A secondary optimization strategy can be incorporated to refine the
first optimal voltage vector, bringing it closer to the reference voltage vector. This approach
has already been validated in two-dimensional modulation, and future work will focus
on extending this secondary optimization control algorithm to three-dimensional modu-
lation. Extensive experimental validation will be conducted to compare the performance
of different control methods, ensuring a comprehensive evaluation. The robustness of the
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proposed method will be tested by assessing its performance under parameter variations,
providing insights into its practical applicability.
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