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Abstract: This paper proposes a multi-virtual-vector model predictive control (MPC) for a dual
three-phase permanent magnet synchronous machine (DTP-PMSM), which aims to regulate the
currents in both fundamental and harmonic subspace. Apart from the fundamental «- subspace,
the harmonic subspace termed x-y is decoupled in multiphase PMSM according to vector space
decomposition (VSD). Hence, the regulation of x-y currents is of paramount importance to improve
control performance. In order to take into account both fundamental and harmonic subspaces,
this paper presents a multi-virtual-vector model predictive control (MVV-MPC) scheme to signifi-
cantly improve the steady performance without affecting the dynamic response. In this way, virtual
vectors are pre-synthesized to eliminate the components in the x-y subspace and then a vector with
adjustable phase and amplitude is composed of two effective virtual vectors and a zero vector. As
a result, an enhanced current tracking ability is acquired due to the expanded output range of the
voltage vector. Lastly, both simulation and experimental results are given to confirm the feasibility of
the proposed MVV-MPC for DTP-PMSM.

Keywords: model predictive control; multiphase electric drives; PMSM

1. Introduction

Due to the advantages of high efficiency, high power density, and high reliability, per-
manent magnet synchronous machines (PMSM) have attracted more and more attention in
electrical drives, such as electric ship propulsions, electric vehicles, electric aircraft, etc. [1-3].
Among the various control strategies in PMSM drives, model predictive control (MPC) is
commonly regarded as a more competitive approach because of its simple implementation
and quick response [4,5]. Different from the traditional methods such as field-oriented
control (FOC) and direct torque control (DTC) [6,7], MPC is a model-based method and the
switching states could be output directly. In particular, finite control set model predictive
control (FCS-MPC) is more widely used in PMSM drives because it can be fully combined
with the discrete switching characteristics of inverters and the nonlinearity of the motor
system can also be considered in the cost function [8]. However, it is worth noting that a
relatively high current ripple occurs in FCS-MPC because only one voltage vector is acted
in the whole control period. Thus, the improvement of steady-state control performance is
important in such drive systems.

In order to improve the steady-state performance of traditional FCS-MPC, some
strategies to increase the numbers of voltage vectors have been proposed. In [9-11],
a concept of duty cycle optimization is introduced in FCS-MPC, where a zero vector
is added to act with the optimal voltage vector during one control period. As a result,
the torque ripple is effectively suppressed. Unfortunately, the second vector is fixed to
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the zero vector, which makes the performance worse at high speed. Hence, better perfor-
mance will be achieved if the vector combination is relaxed to two arbitrary vectors [12-14].
In this way, a vector with adjustable phase angle or amplitude is synthesized to improve
the control degrees of freedom. Furthermore, the idea of a three vector is also introduced
to significantly improve the control accuracy. The vector whose phase angle and ampli-
tude can be both adjusted freely is acquired by two active vectors and a null zero [15].
Although the aforementioned methods can effectively enhance the performance of a three-
phase machine or rectifier, there are new challenges when these methods are applied for
a multiphase drive. Taking a six-phase machine as an exemplification, additional har-
monic x-y subspace is decoupled according to vector space decomposition (VSD) [16].
It is necessary to regulate the currents in the x-y subspace for the purpose of better current
quality. The basic way to solve this problem is to introduce harmonic currents into the cost
function [17,18]. However, the extra predictive functions and weighting factors trouble
the method. To solve this issue, a virtual-vector-based MPC (VV-MPC) is investigated to
eliminate the harmonics without extra burden [19-21]. The virtual vector is composed
of two vectors in a fixed proportion. To a certain extent, it can still be seen as a single
vector. Consequently, the scheme of the virtual vector lacks the regulation of currents
in fundamental subspace, which leads to the degradation of steady-state performance.
To sum up, how to how to regulate the currents in both fundamental and harmonic sub-
spaces is the key to further improving the steady-state performance of MPC for multiphase
electric drive systems.

Accordingly, this paper proposes a multi-virtual-vector MPC (MVV-MPC) scheme
which effectively suppresses the components in the x-y subspace and provides a more accu-
rate current tracking in a- subspace. In particular, the virtual vectors are pre-synthesized
to eliminate harmonic components in the x-y subspace by using 12 large vectors and
12 medium-large vectors. The definition of a virtual vector is to ensure that any combina-
tion of virtual vectors provides a null x-y generation on average. Besides, two effective
virtual vectors and a zero vector are selected to act together in a period. This is different
from the two-virtual-vector method in [22], wherein the action time of the second vector
is traversed from 0.5 to 0.9. In this paper, the action time of each vector is calculated
according to the principle of deadbeat. Hence, an optimal action time could be achieved in
every period and the combined vector provides a wider range of amplitudes and phase
angles. Finally, a VV-MPC is implemented as a comparison to verify the feasibility of the
proposed MVV-MPC for DTP-PMSM by simulation and experimental results. This paper is
organized as follows. Firstly, a virtual vector MPC scheme is presented in Section 2 which
includes the mathematical model of DTP-PMSM, the pre-synthetization of virtual vectors,
and implementation of MPC based on a virtual vector. Then, the proposed MVV-MPC
scheme is elaborated in Section 3. After that, the simulated and experimental results are
given in Section 4. Finally, the conclusions are drawn in Section 5.

2. VV-MPC for DTP-PMSM
2.1. Dual Three-Phase PMSM Drive

The structure of asymmetrical dual three-phase PMSM studied in this paper is depicted
in Figure 1, which has two sets of windings spatially shifted by 30 electrical degrees with
two isolated neutral points. A six-phase two-level VSl is applied to power the DTP-PMSM.
Considering the nonlinearity and strong coupling characteristics of the motor model, VSD
is widely used to decouple the model of DTP-PMSM [18]. As a result, the components in
stationary frames are mapped into three decoupled subspaces, namely «-8, x-y, and 01-0p
subspaces. The fundamental and harmonic components in the order of 12k + 1 (k=123 ... )
are mapped into the a-f subspace, which takes part in electromechanical energy conversion
and generates torque. The harmonics in the order of 6k + 1 (k = 1,3,5 ... ) are mapped
into the x-y subspace, which increases copper losses. The 01-0, subspace represents the
zero-sequence harmonic components in the order of 3k (k=1,3,5... ), which are ignored
due to the isolation of the neutral point.
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Figure 1. Scheme of the dual three-phase PMSM drive.

Based on the amplitude invariance criterion, the transformation matrix can be
expressed as:

o 1 -1/2  —1/2  V3/2 —V3/2 0 A
B 0 V3/2 —V3/2 1/2 1/2 -1 B
x| 1|1 -1/2  -1/2 —+3/2 V3/2 0 C 1)
y | 3|0 —v3/2 3/2 1/2 /2 —1 D
01 1 1 1 0 0 0 E
02 |0 0 0 1 1 1 F

Then, the components in the a-f subspace could be transformed into the synchronous
frame while the x-y and the 01-0; subspaces remain in the stationary frame. The transfor-
mation matrix from the a-f to d-g subspace is given by:

cosf sinf O
T=| —sinf cosf 0 2)
0 0 Iy

By using the coordinate transformation, the model of the DPT-PMSMs in the syn-
chronous frame can be described in (3) and (4), where R; is the stator resistance, L, L,; are
inductances of d-axis and g-axis, L; is the leakage inductance, ¢y is the permanent magnet
flux, and we is the rotor angular speed. In addition, denote 14, 1y, uy, and uy, as the voltages
in d-q and x-y subspaces, and iy, i, ix, and iy as the currents in d-q and x-y subspaces.

. ®)
u i a i
R HEEH
Te = 3ny (95ig + (Lo — Ly)iaiy) 4)
where
A= 1 |,B= JH = :
PP o L I o Pt

2.2. Virtual Voltage Vector

This motor is powered by a six-phase two-level VSI, which has a total of 2° = 64 dif-
ferent switching states. Each switching state corresponds to a voltage vector in the -8
and the x-y subspaces. Actually, there are a total of 48 vectors in both subspaces due to
the redundancy of switch states, just as shown in Figure 2. All vectors could be classified
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into four groups according to their amplitude, namely the large vectors, the medium-large
vectors, the medium vectors, and the small vectors.

(b)

Figure 2. Voltage vectors in two subspaces. (a) a-f; (b) x-y.

The basic idea of the virtual vector is to structure a vector that is active in - subspace
but the component in x-y subspace is zero. According to Figure 2, it can be observed
that the large vectors and medium-large have the same direction in the a-8 subspace but
opposite in the x-y subspace. Consequently, it is possible to eliminate the current harmonics
in the x-y subspace by reasonably distributing the proportion of two vectors. Assuming
the control period is Ts, the duration time, T; and Ty, of the large vector and medium-large
vector can be calculated by:

Q)

Tl X |Ul‘xy = Tz X |vm|xy
T+ T, =T

where the amplitude of large vector and medium-large in the x-y subspace is 0.173 V.
and 0.471 V., respectively. The results are T1 = 0.732-T; and T, = 0.268-Ts. Therefore,
the virtual vectors can be expressed as:

VV; = 0.732V; + 0.268V, (6)

In this way, the virtual vectors without harmonic components are composed of
two groups of vectors, just as shown in Figure 3.

A
B
VVi26:62) | VVi(66.24)

e

YV (22,36)_ <~ V'V, (64,46)
/

/
VV;(32,23) | V'V (44,65)
e
VV7(33,12) VV12(45,54)
VVs(13,31) > YV, (5541)

V'V, (11,53) VV1 (51,15)

Figure 3. Virtual voltage vectors in the a-f subspace.
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2.3. MPC Based on Virtual Vectors

In model predictive current control, the currents in instant k + 1 can be predicted
according to the discretization of (3). Meanwhile, the virtual vectors synthesized above are
chosen as alternative vectors. Notably, the prediction of harmonics is no longer needed
because the harmonic contents of the x-y subspace are eliminated effectively. Therefore,
the current predictive model is expressed by:

ig(k+1) = ( - ’Li;Ts)id(k) + Tewe g (k)
L%(o.muld + 0.26811,,4)

+
, : : Tycwe @)
ig(k+1) = (1= £T)ig(k) + Tewe g () — =72

+ 1 (0,732 + 02681

where 1y, ur,; represent the components of large vectors in the d-axis and g-axis, and 14,
up, represent the components of medium-large vectors in the d-axis and g-axis. The total
control scheme of VV-MPC is described in Figure 4.

Cost fuction Six-phase VSI

w i*
—

ig* =0 —>

Pulse

min .
8 ) gereration

Virtual vectors iag(k+1)
Predictive ’idq(k) .
model dg ¥ —

Encoder

Figure 4. Control scheme of VV-MPC.

Since the harmonic current is eliminated by virtual vectors, the cost function can be
simplified so that only dg-axis currents are considered:

g = (ig" —iglk+ 1))+ (i* —ig(k+1))? 8)

After selecting the optimal virtual vector by the cost function, pulse signals are
generated by modulation with a fixed duty cycle.

3. Proposed MVV-MPC Scheme

Although the virtual vectors have a good inhibitory effect on harmonic currents,
the regulation of current in fundamental subspace is still limited to the cost function. It is
this deficiency that affects the accuracy of current tracking. In order to solve this problem,
the proposed MVV-MPC adopts two active virtual vectors and a zero vector in one control
period. On this basis, the error-free tracking of dg-axis currents could be realized by proper
time allocation. In this section, the details of MVV-MPC and its advantages compared with
a single virtual vector will be introduced. Figure 5 shows the overall control diagram of
the proposed MVV-MPC method.



Energies 2021, 14, 7292

60of 17
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Virtual vectors dq
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Figure 5. Control scheme of VV-MPC.

3.1. The Selection of Virtual Vector

In the proposed MVV-MPC scheme, there are three vectors to be selected, including
two active virtual vectors and a zero vector. Firstly, an optimal vector V'V, is selected as
the first virtual vector according to the predictive model (7) and cost function (8), which is
the same as with the conventional VV-MPC scheme. On this basis, a second virtual vector
VV o2 should be selected in order to improve the ability of current tracking. For this
purpose, the first virtual vector needs to be combined with all the other 11 virtual vectors
except itself. The duration time of the two vectors is calculated by deadbeat criteria
which will be explained in the next part. Subsequently, the remaining time of a period is
supplemented by a zero vector. As a result, a total of 11 combinations can be obtained,
and then the optimal combination will be chosen to generate pulse signals.

For a better understanding, the schematic diagram of vector selection is shown in
Figure 6. In Figure 6a, the virtual vector that makes the predictive control closer to
the given value is chosen as the benchmark. According to appropriate time allocation,
the predictive current can reach the given current accurately. Meanwhile, the second virtual
vector that causes minimum current ripples is ensured to be selected, which is also the
greatest advantage of traversing all combinations.

kth (k+l)th ktll (k+l)tll
T M
* ) < T, ...
i) AR S )
A e o Unlelststetet ity i k1)
= i) ik o{ilset1)
4 . s
Tgl(kt1) il dht1)
(a) (b)

Figure 6. Virtual vector selection of MVV-MPC. (a) The selection of the first virtual vector; (b) the
selection of the second vector and zero vector.

3.2. The Calculation of Virtual Vector Duration Time

In order to improve the ability of current tracking, the duration time of three vectors
is calculated by the deadbeat of dg-axis currents, which can be expressed as:

{ Zd(k + 1) = ld(k) + kaoto + ka1 + kot = ig* )

iq (k —+ 1) = Zq(k) =+ qutO =+ kqltl + qui’z = iq*
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where ko, ky0 represent the current slope of the d-axis and g-axis under zero vector, k;1 and
k4o represent the current slope of the d-axis and g-axis under the first virtual vector, k;p and
kg2 represent the current slope of the d-axis and g-axis under the second virtual vector. In
addition, ty, t1, and t, are the duration time of the three vectors respectively, i;* and i,* are
the given values of current in the dg-axis.

According to (7), the current slope under different voltage vectors can be expressed as:

kgo = %’|Vvd=0 = le(—Rsid + Lyweiy)

) (10)
koo — dig 1 R.i L .
90 = qr |VVy=0 = T\ ~Rslg — LaWelg — We Py
di vV,
ki = G \vv=vv, = kao+ T
o v @)
gl = T |VVy=VVp = Kqo+ L~
di vV,
kip = G lvv,=vv, =kao + e
) (12)
k _ dlq _ k + Vqu
92 — 4t VVq:Vqu — g0 Lq

where VV;1, VV,; represent the components of the first virtual vector in the d-axis and
g-axis. VV;s and V'V, represent the components of the second virtual vector in the d-axis
and g-axis. Through (9)—(12), the duration time of vectors could be calculated as:

tr= §[(ig" —ig(k)) (kao — kaz) + (ia™ — i) (kg2 — kq)
+Ts (dequ — qukdO)]

3 [ (g™ = ig(k)) (kar — kao) + (ia™ — i) (kgo — kg1) (13)
+T (kqlkdo — qukdl)]

to= Ts—T1— T

1)

where N = (kaa — ka1)kqo + (Kao — ka2)kq1 + (ka1 — kao)kqo-
It should be noted that the duration time #; and t, may not be in the range of 0-Ts.
At this moment, it can be divided into two cases:
(1) Whent; <0or f; <0, this vector combination will not be adopted.
(2) When tq + tp > T, the duration time will be reallocated as:

t
tl = t1<|1*t2 TS
= tltTZtZTs (14)
to=20

Finally, the components of the synthesized vector on the dg-axis could be acquired by:

VVy, = Avvy, + 2vvy,

VVig = $VV+ $VVp

3.3. The Strategy Analysis of MVV-MPC

The flowchart of the proposed MVV-MPC is shown in Figure 7, which can be summa-
rized into the following three steps.

Step 1: In this part, a total of 12 alternative virtual vectors are firstly synthesized
according to the combination of large vectors and medium-large vectors. In this way,
the harmonic component in the x-y subspace is eliminated effectively. Furthermore, any
combination of virtual vectors has no influence on the x-y subspace, which is also the
foundation of the proposed MVV-MPC.
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Step 2: The predictive currents of 12 virtual vectors are calculated and brought into
the cost function. The virtual vector which minimizes the cost function will be chosen as
the first virtual vector.

Step 3: The other 11 virtual vectors are combined with the first virtual vector, re-
spectively. The duration time of two active virtual vectors is obtained by the principle
of deadbeat and the rest time is filled by a zero vector. Subsequently, the optimal vec-
tor combination and the corresponding duration time are achieved by traversing the
cost function.

Virtual vector
Pre-synthesizing

Current prediction
igy(k+I)

Time calculation

Synthesis

Costinnchiones of three vectors

Medium-large
vectors

Uy

Current prediction
+ Cost function

Large vectors

Synthesized voltage
vectors

Select the first
optimal virtual vector

L 00O

Select other virtual
vectors and action time

L

Figure 7. Flowchart of proposed MVV-MPC.

It can be seen that the proposed scheme has a total of 23 current predictions in a
control period. Compared with conventional VV-MPC, although the number of predictions
has increased, enhanced dg-axis current tracking is obtained because the amplitude and
phase angle of the output voltage vector are adjustable.

Assuming the VVj is the first virtual vector, the coverage of the output voltage vector
is shown in Figure 8b. Compared with the traditional VV-MPC where both amplitude and
phase angle are fixed, the coverage in the proposed MVV-MPC has significant improvement.
Therefore, the current ripple is effectively reduced so that a better control performance is
acquired in the proposed method.

1278

YV, WV

V'V 44 Vs

V- 2% V-

12

Vs

447
142 Vi 42 V10
(a) (b)
Figure 8. The range of output voltage vector for two methods. (a) VV-MPC, (b) proposed MVV-MPC.

Vi
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4. Results
4.1. Simulated Results

In this section, the simulated results are carried out to verify the feasibility of the
proposed MVV-MPC scheme in the environment of MATLAB/SIMULINK. Additionally,
conventional virtual-vector-based MPC is also implemented as a benchmark method. The
virtual vectors applied in two methods are both synthesized by large vectors and medium-
large vectors. The key parameters of DTP-PMSM are listed in Table 1. The given speed is
set as 400 rpm for both methods in the simulation.

Table 1. Key parameters of the experimental prototype.

Item Value
Stator resistance (R) 0.450Q
Inductance of d-axis (Ly) 1.4 mH
Inductance of g-axis (L;) 1.4 mH
Leakage inductance (Lyy) 1.1 mH
Permanent magnet flux () 0.08 wb
Numbers of pole pairs (P) 5
Rotational inertia (]) 0.0023 kg-m2
DC bus voltage (V.) 100 V
Rated speed (1) 2000 rpm
Rated torque (T) 10 N.m
Sample frequency (f) 10 kHz

Firstly, the steady-state performance of DTP-PMSM is investigated at 400 rpm with
a 10 N.m load. An intuitive comparison between conventional VV-MPC and proposed
MVV-MPC is shown in Figure 9. It can be seen from Figure 9a that the current quality
in conventional VV-MPC is much poorer than that in the proposed method. This can be
explained by the fact that conventional VV-MPC is lacking the regulation of current in fun-
damental subspace. In contrast, a deadbeat prediction is realized in the proposed method,
which is also reflected in phase current quality. In terms of the current in the x-y subspace,
a relatively smaller amplitude is acquired in the proposed MVV-MPC although both meth-
ods have a good harmonic suppression effect due to the application of virtual vector. In
the meantime, the enhancement of steady-state performance is more directly embodied in
electromagnetic torque. The torque ripple of the proposed MVV-MPC is limited within
the range of & 0.5 N.m while the ripple is increased to 5 N.m in conventional VV-MPC.
Thus, the proposed method has an apparent improvement in steady-state performance.
The waveform comparison of phase current and torque is presented in Figure 10.

Secondly, a test with a sudden load change is also investigated to illustrate the dynamic
response. The machine is initially operated under 5 N.m load and then the load is changed
to 10 N.m at t = 0.3 s. It can be seen that both current and torque are tracked quickly and
smoothly. Meanwhile, the performance of current quality and torque ripple are consistent
with that in a steady-state test. To sum up, the proposed MVV-MPC offers a significant
improvement of steady-state performance without affecting its dynamic characteristics.
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Figure 9. Steady-state performance with a load of 10 N.m. (a) Conventional VV-MPC; (b) proposed
MVV-MPC.

=3 A . ) . ; i ; \ ; -5 i & iy P i 3 A
0.2 0.3 0.4 0.2 0.3 0.4
Time (s) Time (s)
(a) (b)

Figure 10. Steady-state performance with a load of 10 N.m. (a) Conventional VV-MPC; (b) proposed
MVV-MPC.
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In order to verify the parameter dependence of the proposed MVV-MPC scheme,
a comparison of both methods with parameter mismatch is presented in Figure 11. Two
different cases are included in this test, namely the motor inductance is 10% lower than
MPC implementation and motor resistance is 10% higher. The simulated results show
that the current harmonic is increased slightly with the mismatch of parameters, while the
change of waveform is not significant. Compared with the two parameters, the resistance
value presents little impact on the performance for both methods. It can be explained
that the value of RsT; in Equation (7) is too small so that the change of resistance could
be ignored. Besides, a smaller variation of THD indicates that the proposed MVV-MPC is
less parameter-dependent than the VV-MPC. Finally, it can be concluded that MVV-MPC
provides better parameter robustness although the influence of parameter mismatch is not
obvious for the two methods.

in(A)

1
—

(113

03 07 E 03 0.4 S 04 s
Time (s) Time (s) Time (s)
(a) (b) (©)
THD=3.62% migmip THD=3.95% ol N | THD=3.65%  |®is1®ip
=z &
3 <0
3 3
-10 -10r
3 03 03 3 L L LEDE 05
Time (s) Time (s) Time (s)
(@) Q) ®

Figure 11. Simulation results of both methods with parameter mismatch. (a) VV-MPC without mismatch; (b) VV-MPC with
10% inductance mismatch; (¢) VV-MPC with 10% resistance mismatch; (d) MVV-MPC without mismatch; (e) MVV-MPC
with 10% inductance mismatch; (f) MVV-MPC with 10% resistance mismatch.

4.2. Experimental Results

In order to experimentally verify the feasibility of the proposed MVV-MPC scheme for
the machine drive system, a prototype is established based on a DTP-PMSM as shown in
Figure 12 and their models are listed in Table 2. The corresponding parameters are the same
as those for the simulation listed in Table 1. The exemplified DTP-PMSM is driven by a six-
phase two-level voltage source inverter and the control signals are generated by a digital
signal processor (TMS320F28335). A three-phase induction motor controlled by an ABB
servo is utilized as a load motor. The bus voltage is provided by a DC voltage source. The
six phase currents are measured by current sensors. All waveforms are measured by using
the oscilloscope (Tektronix/MDO3024) and LABVIEW. In the experimental verification,
this paper carries out four independent tests from the perspective of the steady-state,
transient-state, and acceleration state. The reference speed and sampling frequency are set
as 400 rpm and 10 kHz for all tests. Moreover, the velocity PI controller parameters are set
as kp = 0.02 and ki = 0.002.
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1 DC voltage
source

e == Load motor

Figure 12. Experimental prototype.

Table 2. Experimental configurations.

Equipment Type
Current sensors HAS-50S
DC power 1T6535C
VSI FF300R12ME4
Drive board of VSI 25P0115T2C0-12

A comparison between VV-MPC and MVV-MPC is shown in Figure 13 to investigate
the steady-state performance with the load of 5 N.m. The contrast waveforms include
d-q currents, x-y currents, torque, and speed. It can be noted that the d-q currents ripple
in the proposed MVV-MPC is evidently reduced although they can be stable near the
reference value in both methods. One of the reasons for poor d-q current tracking ability
in conventional VV-MPC is that the d-g currents are regulated only by the cost function.
Certainly, a relatively larger prediction error emerges in this method. Another reason
could be that the low inductance (Ly, L,) affects the current quality to a great extent. In
terms of DTP-PMSM with low inductance, the current suppression ability is so poor that a
small voltage acting on the inductance will generate a large current variation. Accordingly,
the large current ripple is inevitable when a single virtual vector is applied to the whole
control period. By comparison, the two issues mentioned above are well addressed in
the proposed MVV-MPC by means of the interaction of multiple virtual vectors, just as
shown in Figure 13b. Furthermore, the reduction of d-q current ripple means a better torque
performance, which directly influences the performance of the motor drive system. Thus,
a more stable speed is obtained in the proposed method through the suppression of torque
ripple. In addition, the MVV-MPC scheme is also helpful to reduce x-y currents. Finally,
the collective improvement in - and x-y subspace brings out a much better phase current.
In Figure 14, the frequency spectrum of phase current is conducted within the range from
0 to 10 kHz. It can be noticed that the total harmonic distortion (THD) in conventional
VV-MPC is 121.63%, while it is sharply decreased to 17.27% in MVV-MPC. As a result,
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a phase current with a smooth sinuous curve is received in MVV-MPC. In the meantime,
the rms values of the two methods at fundamental frequency are 4.539 A and 4.519 A,
respectively. This also implies that the copper losses can be effectively reduced in the
proposed MVV-MPC.

Additionally, the dynamic response is also carried out to investigate the control
performance of the proposed MVV-MPC. The waveforms of dynamic response are plotted
in Figure 15, including phase currents, d-q currents, x-y currents, torque, and speed. In
the beginning, the motor is performing at 400 rpm without load and then a 5 N.m load is
added suddenly. A quick dynamic response could be observed for both methods. However,
the current ripple is large in conventional VV-MPC, which also leads to a worsening torque
response. In contrast, a smooth transition and short tracking time can be offered by using
the proposed MVV-MPC. What is more, the speed owes a smaller fluctuation and can
quickly return to the reference value after a load increased. It should be highlighted that the
x-y currents will increase with the sudden increase of load. Fortunately, the amplitude of
x-y currents in MVV-MPC is still far less than that in conventional VV-MPC. Additionally,
a test of dynamic response under the load from 5 N to 2 N is also given in Figure 16. It
illustrates that the proposed scheme has a satisfying dynamic tracking performance in the
case of a sudden load drop. Tests in both cases indicate that the proposed MVV-MPC can
improve the steady-state performance without affecting the dynamic response.
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Figure 13. Test 1 for both methods in steady-state with 5 N.m load. (a) Conventional VV-MPC;
(b) proposed MVV-MPC.
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Figure 15. Test 2 for both methods with a sudden load increase. (a) Conventional VV-MPC;

(b) proposed MVV-MPC.
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Figure 16. Test 3 for both methods with a sudden load decrease. (a) Conventional VV-MPC; (b) proposed MVV-MPC.
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Moreover, a test that examines the acceleration performance is investigated in Figure 17,
where the motor accelerates from standstill to 400 rpm without load. The waveforms of
phase current, torque, and speed are given in this test. In the proposed MVV-MPC, the
reference speed is quickly reached after an overshoot, the phase current and torque reach
a steady state at the end of the acceleration process. In addition, the quality of current,
torque, and speed in MVV-MPC provides a significant improvement, which is constant
with the test in steady-state performance.
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Figure 17. Test 4 for both methods at acceleration state without load. (a) Conventional VV-MPC;
(b) proposed MVV-MPC.

To sum up, the deficiency of regulation in fundamental subspace results in poorer con-
trol performance, which will be further aggravated due to the influence of low inductance.
However, the proposed MVV-MPV shows a much better performance in both steady-state
and dynamic processes. Therefore, the feasibility of MVV-MPC is verified through the test
in various situations.

5. Conclusions

The traditional MPC scheme suffers from a high current and torque ripple. Meanwhile,
the characteristic of DTP-PMSM introduces additional x-y currents which need to be
suppressed. In order to deal with the aforementioned issues, the main contributions of this
paper are as follows:

(1) The virtual vectors are pre-synthesized by large vectors and medium-large vectors,
which aim to eliminate the components in harmonic subspace.

(2) Two active virtual vectors and a zero vector are applied in this method according
to the principle of deadbeat, thus the currents in fundamental subspace are also
well regulated.

(3) Through two traversals of the virtual vector, the optimal combination that ensures a
minimum cost function could be selected.

Therefore, the multi-virtual-vector model predictive control is proposed in this paper
based on the above work. The proposed MVV-MPC scheme provides better steady-state
performance while ensuring dynamic performance.

Although the effectiveness of MVV-MPC is verified by simulated and experimental
results, there are still aspects that need to be improved in future work. For example,
the MVV-MPC scheme results in higher computational complexity due to the increase of
the number of voltage vectors and the number of loops. Therefore, a future study will
concentrate on the simplification of calculation.
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