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Abstract—Existing model predictive control (MPC) methods
mostly adopt multi-vector mode to achieve better steady-state
control performance. But this increases system complexity, es-
pecially for three-level inverters. In addition, various vector
combinations need to be evaluated in the cost function, and
cumbersome tuning of weighting factors is also involved when the
common-mode voltage (CMV) and neutral point potential (NPP)
imbalance issues are considered. This paper proposes a novel
multi-vector-based MPC scheme to deal with these challenges.
The key is to map the reference voltage vector to sub-hexagons,
and the candidate region is narrowed down. Then, the dwell
time of the determined voltage vectors is obtained from the
cost function, which minimizes the error between the predicted
reference voltage vector and the synthesis vector. In addition, the
basic vectors with higher CMV amplitudes are reconstructed,
and the NPP imbalance is addressed due to the employment
of a hysteresis controller. Experimental results verify that the
proposed method has superior performance to other multi-vector
MPC algorithms.

Index Terms—Common-mode voltage (CMYV), model predictive
control (MPC), permanent magnet synchronous motor (PMSM),
three-level neutral-point-clamped (3L-NPC) inverter.

I. INTRODUCTION

OMPARED with the traditional two-level inverter, the
total harmonic distortion (THD) of the output waveform

of the three-level neutral-point-clamped (3L-NPC) inverter is
reduced under the same switching frequency. This is because
the output voltage waveform of the three-level inverter is
ladder-shaped and closer to a sine wave. At the same time,
multi-level inverters also have the advantages of small voltage
change rate dv/dt¢ and minor voltage stress of power devices.
Therefore, 3L-NPC is widely used in in the field of high-
voltage, high-capacity, and high-accurate motor drive [1]-[3].
To make the most of the high efficiency and high power
density of 3L-NPC inverter driving permanent magnet syn-
chronous motors (PMSM), the modulations and control meth-
ods are crucial. The proportional-integral (PI) control is often
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adopted as the PMSM current control method for its sim-
ple structure [4], and the associated modulation method is
worthwhile. The dynamic performance of the PI method is
limited by the bandwidth of the internal current loop, which
can be proportional to the execution time of the hardware [5].
Some nonlinear techniques, such as fuzzy control [6], neural
network control [7], and sliding mode control [8], have re-
cently emerged as effective performance improvements. Apart
from these techniques, finite-set model predictive control (FS-
MPC) has been widely evolved and is considered to be one of
the most attractive control strategies [9]. Compared with the
conventional field-oriented control and direct torque control
schemes, MPC generates a switching signal directly without
modulation and handles multi-objective optimization problems
easily [10]-[12]. For these merits, the MPC control strategy is
analyzed in this paper for 3L-NPC inverter-fed PMSM drives.

In the conventional FS-MPC introduced by Rodriguez et
al. [13], all 27 switching actions generated by the 3L-NPC
inverter are predicted by the discrete-time model in each
control cycle. In the next period, the optimal voltage vec-
tor that minimizes the cost function will be applied to the
control system. Therefore, FS-MPC often consumes excessive
computational time and thus deteriorates system dynamic
performance. Several solutions have been adopted to overcome
the drawback. Zhang et al. [14] proposed the deadbeat-based
method, which avoids predictions for 27 stator voltage or
current in each control cycle. However, the computational
time is still considerable when carrying out cost function
calculations.

All the aforementioned methods adopt only one voltage
vector in one entire control cycle, which leads to unfixed
switching frequency and large current ripple. Accordingly,
a dual-vector control mode is applied in [15]. It enhanced
the overall inverter performance based on the current error
area minimization. Xiong et al. constructed virtual vectors
and employed a discrete time disturbance observer, which
achieved good steady-state and dynamic performance [16].
Alhosaini et al. presented the modulation of discrete space
vectors and effectively reduced the output current ripples [17].
To optimize the duty cycle for each of the 24 redivided
sectors, Donoso et al. made use of the numerical values
of cost functions [18]. However, these MPC strategies that
go beyond taking a single vector have a complex vector
evaluation process that also requires calculating the duration
of each vector combination. To improve the computational
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efficiency, a preselection scheme is proposed to select the
optimal vectors, and the evaluation structure is rebuilt in [19].
Two-stage optimization based on virtual VVs is employed in
[20] to reduce the computation burden. In [21], the deadbeat
current control principle is introduced to eliminate the iterative
computations for a nine-phase open-end winding PMSM.

For a 3L-NPC inverter, operating with the unbalanced
neutral point potential (NPP) will affect the reliability and
lifetime of the PMSM drive system. To handle this key issue,
a hexagon candidate region FS-MPC is proposed in [14],
and the NPP balancing is incorporated into cost function
calculation. However, the weighting factors are required to
be fine tuned by trial and error, which consumes a lot of
time and sacrifices the fast dynamic response. Yang et al.
balanced the NPP by selecting proper redundant small voltage
vectors [22]. The candidate voltage vectors to be evaluated are
effectively reduced, and the weighting factors are eliminated
as well. Yang et al. applied one virtual and three real vectors
in one control cycle [23]. NPP balance is achieved by duration
time adjustment of virtual and redundant vectors. Zhou et al.
decoupled the control process into two stages in each control
period and considered the nonlinearity of the voltage vectors
caused by the unbalanced NPP [24].

Another critical issue with multi-level inverters driving
electric machines is that they inherently produce a common-
mode voltage (CMV). If high CMV is presented in the PMSM
drive system, overvoltage stress to the winding insulation is
raised, and electromagnetic interference (EMI) is generated
with neighboring devices. EMI causes high-frequency over-
load bearing current, which needs to be suppressed to promote
3L-NPC inverter performance. The hardware increment, such
as separate rectifiers and filters, will reduce overall system ef-
ficiency and increase maintenance costs. Software approaches
mean eliminating CMV by modifying the control strategy.
Qin et al. [25] divided space vectors into large, medium,
and zero vectors and selected vectors corresponding to one-
sixth CMV of the DC-link voltage. In [26], only the non zero
vectors are applied and the dead-time effects of the inverter
are considerated.

However, in the above-mentioned CMYV elimination
schemes, the NPP balancing is not taken into consideration.
The most common solution of this issue is redundant vec-
tor duration time adjustment combined with space vector
modulation theory [27]. Liu et al. [28] proposed a double-
signal PWM technique that can control the NPP and reduce
CMV simultaneously. However, the switching losses inside the
inverter are increased. In [20], a series of virtual vectors are
synthesized, and appropriate redundant vectors are selected
based on the neutral point potential deviation. However, the
number of candidate vectors is large, and the output is not
stable enough. Yang et al. [29]-[31] added NPP error to the
cost function as a constraint and solved the task of selecting
the corresponding weighting factors for the multi-objective
cost function. However, as mentioned above, weighting factor
design in the cost function is complicated, especially when the
number of control objectives increases.

Existing three-level FS-MPC methods usually design the
cost function and traverse the candidate vectors to find the

optimization. However, compared to the two-level inverter
system, which has only 8 voltage vectors, there are 27 basic
voltage vectors, even without considering the CMV and NPP
imbalance features. Furthermore, in the «a/f-plane, voltage
vectors at the same position may correspond to different CMV
amplitudes and multiple neutral point currents [32], [33]. To
fill the abovementioned gap, this paper simplifies the process
of voltage vectors selection and takes advantage of their CMV
and NPP attributes. The main contributions of this work are
as follows:

1) Since the three-level inverters provide abundant voltage
vectors, regarding the computational burden of the system
[17], an efficient mapping rule is introduced to narrow the
candidate area into sub-hexagons. Numerical prediction
and optimization stages are omitted, and a substantial
amount of calculation time is saved. The vector operation
time is determined by the cost function so as to minimize
the tracking error.

2) The proposed scheme does not directly exclude the basic
vectors with large CMV amplitudes [34], but rather
reconstructs them into a set of vectors with equivalent
outputs based on the current situation and regulation
requirements. Then, in conjunction with the other vectors
in the sub-hexagon at which they are located, the CMV
suppression does not affect the other control effects in
the vast majority of cases.

3) Without the need to model DC-bus capacitor charging
and discharging, nor utilizing the opposite characteristics
of the redundant vectors [22], a hysteresis controller is
comprehensively designed based on the multiple charac-
teristics of the space voltage vectors. It fully mobilizes
various voltage vector resources and expands the bidirec-
tional range to non-redundant vectors to collaboratively
suppress NPP fluctuations and CMV.

The rest of this paper is organized as follows. Section
II introduces the basic topology of 3L-NPC PMSM inverter
drives and the principles of conventional FS-MPC. The novel
position determination aimed at reducing the computational
burden is put forward in Section III. Accordingly, RFS-
MPC based on sub-hexagonal mapping is proposed. Section
IV presents the multi-vector method with hysteresis control,
which incorporates NPP balancing and CMV suppression into
candidate set update and output vector recombination. The
experimental studies of different MPC methods are given in
Section V. In Section VI, the conclusions are drawn.

II. MODEL OF 3L-NPC PMSM DRIVES AND FS-MPC
METHODS

A. Topology and Switching States of 3L-NPC Inverter

Fig.1 shows the topology of the 3L-NPC inverter, V. is
constant DC bus voltage, Uz, and Uc, are DC-link bus top
and bottom capacitor voltages respectively. The two capacitors
(Cy and Cs) are charged to half of the DC bus voltage.
Variables U,, U, and U, respectively express the outputs of
ABC three-phase arms.

Taking Phase A as an example, the four IGBTS, (S,1,543)
and (S,2,544), are complementary switching pairs, with only
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Fig. 2. Space voltage vectors diagram and 27 output states for the three-level
inverter.

half the voltage stress on each IGBT compared to the two-
level inverter. Each phase arm, therefore, has three switching
states, the corresponding output value of U, (U, or U,.) may
be —%, 0 or % For convenience, —VgC, 0 and % are
labeled as N, O and P. Fig. 2 shows the total space voltage
vectors diagram generated from 27 switching states.

B. Physical Model of PMSM and Control Methods

This paper focuses on surface-mounted PMSM, which have
the same dg-axis stator inductances, i.e., Lgq= Ly = L. The
machine model in dg-axis can be expressed as follows:

(D

. dig., .
{ Ugs = Ry +igs + Lo7 — we + L - igs

Ugs = Ry ~igs + LL - w, (L -igs +1).

where 74, and i,, are the dg-axis components of the stator
current; ugs and ugs are the d and ¢ -axis stator voltages,
respectively. R, is the nominal stator resistance. 1) is the flux
linkage generated by the permanent magnet on the rotor side;
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Fig. 3. Control diagram of the conventional FS-MPC.

we is the rotor electrical speed. And the mechanical equations
for a surface-mounted PMSM are shown as:

T = (371)) ‘l/}'iqs )
T.—T,=J % + B, w..

where, p is the number of pole pairs, J is the moment of
inertia, T, is the electromagnetic torque developed, T} is the
load torque, B,, is the viscous friction coefficient.

Then, the forward Euler algorithm is applied to (2), and
discrete-time predictive dg-axis currents can be obtained, as
shown in (3).

{ it =ik 4 (ul — Ryl + pLwkik) T, /L

iE U =ik 4 (uh — Rk — pwk (Lik + ) T,/ L.

3)

where T is the sampling time, k is the sampling interval. i’;,

i¥ and uk, u} are dg-axis stator currents and voltages in k-
th instant, respectively. ig“ and i’q"“ are their predictions in

(k + 1)-th instant. wf is the rotor actual mechanical speed in
k-th instant.

The conventional FS-MPC takes all 27 vectors into (3) to
calculate predictive dg-axis currents at the next sampling time
and then uses the predictive dg-axis currents to calculate cost
function as follows:

sk k41
by =l

g= ,0=0,1,...,26. @)

v i+

The vector that can minimize the cost function is selected
and used in the next sampling time. The control diagram of the
conventional FS-MPC control method with a 3L-NPC inverter
is shown in Fig. 3, consisting of the outer speed loop and the
inner stator current loop. Only one basic vector is selected
per sampling cycle. Meanwhile, a total of 27 switching states
are in the alternative list, and each basic vector needs to be
predicted by (3) and calculated by (4), which causes a heavy
computational burden on the processor and makes it difficult
to operate at high switching frequency. The total calculation
time per sampling period is up to 54, and 8 redundant voltage
vectors are also accounted for.

III. REVISED FS-MPC METHOD OF MAPPING TO
SUB-HEXAGONS

The revised FS-MPC (RFS-MPC) is employed not only
to reduce the computational burden but also to keep the
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PMSM drive system running reliably. In the proposed RFS-
MPC, the deadbeat MPC strategy is applied, in which the
cost function of minimizing stator current tracking errors is
converted to that of minimizing stator voltage tracking errors.
The efficient position-determined method is introduced, in
which the reference voltage vector is mapped to the sub-
hexagon. Thus, the candidate area is narrowed and the number
of calculations is significantly reduced.

A. Predictive Model Based on Deadbeat Principle

In terms of the principle of deadbeat control, the predictions
of dg-axis stator currents in (k)-th instant can be assumed to
reach their reference values. As a result, (3) can be modified

as
iy =il + (uf — Ryik + pLwfik) Ty /L
I S P
According to the principle of maximum torque per ampere,
i% is set to zero. The dg-axis stator voltages u’; and u} in (5)
can be regarded as the desired references uy and uy, which
can be deduced as

®)

uy = Rsis — LT waz’; ©)
uy = Rz —|—L" "—i—Lw kgt

where uj and uy are assumed to keep constant within every
control cycle. Accordingly, the cost function can be defined
for the RFS-MPC as

g2 = |uj —uf| + |ul —uh|,i=0,1,2,...,26. (7

From the above analysis, it can be seen that instead of
multiple predictions in FS-MPC, the reference voltage is
calculated only once in RFS-MPC during every control cycle.
The execution time is reduced than that of the FS-MPC.
Even so, a total of 27 elementary voltage vectors (including 8
redundant voltage vectors) need to be evaluated by (7), which
is still causing a heavy calculation time. To further relieve the
computational burden, it is effective to reduce the number of
candidate elementary vectors, provided that the performance
of the control system is not degraded. Through inverse Park

transformation, the reference voltage vector is converted to the

af plane for sector judgment.
{ e ] _ { cosf, —sinéb, } { uy ]

Vi Uy (®)

B. Sub-hexagon Mapping Rules in Three-Level Vector Space

cos 0,

sin 0,
Viet = V& + V2,

To further simplify the localization and narrow the scope
of the optimization search, the rule of mapping the three-level
vectors into sub-hexagons is adopted. Unlike the traditional
triangular subsector dividing approach [35], the one taken in
this paper is the only one applicable to the subsequent scheme.
As shown in Fig. 4, the original reference voltage vector Vi¢f in
the stationary aS-axis is mapped as Viuyp—ref in sub-hexagon
I, which can be expressed as the difference between V¢ and
the corresponding sub-hexagon center vector:

V;ub—ref = V;ef — Ucp- (9)
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Ml | ¥
\ H ’
. w4 Mapping
N \ i —
\ ( /
<—~»I—\f/——<» IJ—»»
7N e
N Folox N
N VL
» v L]

Fig. 4. Diagram of the original voltage vector and the mapping process.

TABLE I
CORRESPONDING RELATIONS BETWEEN SUB-HEXAGON AND
INTERMEDIATE INDEXES

Sub-hexagon I II III IV V VI
X 1 1 0 0 0 1
Y 0 1 1 1 0 0
Z 0 0 0 1 1 1
N 1 3 2 6 4 5

where u., (cv =1, 2, 3, 4, 5, 6) is the center vector according
to the sector where the reference voltage vector lies.

Based on the length and angle of Vi, it is possible to
determine adjacent vectors directly. In order to facilitate the
digital implementation of the algorithm, the following specific
indicators are designed to determine geometric relationships
based on a certain number of conditions. Here, the interme-
diate voltage variables Vx, V4, and Vz are introduced, and
their definitions are shown in (10). Define the intermediate
indicator variables X, Y, Z and N according to the positive
and negative values of the intermediate voltage variables, as
shown in (11).

VX - V;ef
W = 3Vr
Vz = 73Vr

\f ref
\[ ref

(10)

1, ifVx>0
0, ifVx<0
if Vy >0
if Vy <0
if V, >0
if V, <0
Z+2Y+X.

S
[

'~<
Il
’_/H/—’H

(1)

N
»P/—/H

Calculating the value of N uniquely determines the sector
where Vi is locate. Taking sub-hexagon I as an example,
Vx >0, Vy <0, Vz <0,and thus X =1,Y =0, Z =
0, N = 1. The corresponding relationship between the sub-
hexagon number and the values of the intermediate indicator
variables X, Y, Z, and N is shown in Table 1.
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TABLE II
CORRESPONDING RELATIONS BETWEEN SMALL SECTORS AND
INTERMEDIATE INDEXES

Small sector I I III IV V VI
Xsub 1 1 1 0 0 0
Ysub 1 0 0 0 1 1
Zsub 0 0 1 1 1 0
M 3 1 5 4 6 2

To further pinpoint the positioning, continue sectoring in
the sub-hexagons. The small sector number where Viup—_ret 18
located can be determined as follows:

VX —sub = Vvsﬁbfref
Vv —sub = 3‘/sﬁb—rcf - \/g‘/sﬁbfref (12)
Vz—sub = _3‘/;?ib—ref - \/gvtsibfref
Xsub = 17 lf VX—SUb =0
O, if VX—sub S 0
1, ifWVWwW_quw>0
1/sub = .
07 if VY—sub § 0 (13)
1, it Vz_gup>0
Zsub = .
O, lf VZ—sub § O

M = 4fzsub + 2szub + Xsub~

Similarly, the correspondence of M is shown in Table II.
After the above series of processes, the reference voltage
vector is accurately positioned in a small sector of the sub-
hexagon. At this time, the number of predictions has been
greatly reduced, and only three adjacent vectors in the small
sector need to be evaluated, and the optimal candidate vector
among them is determined based on the nearest distance
principle. This approach redefines the cost function and avoids
the tedious process of repeated predictions.

IV. PROPOSED MULTI-VECTOR MPC wiTH CMV
SUPPRESSION AND NPP BALANCE

A. Analysis of CMV Generation and NPP Imbalance

As illustrated in Fig. 2, we can observe that for a 3L-NPC
inverter, a total number of 27 switching states are available.
Out of which, 6 are large voltage vectors (LVV) of the
amplitude. When these vectors are applied, the three phases
are either connected to the positive or negative rail and the
loads are not connected to the neutral point. Therefore, LVVs
do not cause a change in the neutral point voltage. For the 3
zero voltage vectors (ZVV), all three phase loads are short-
circuited to the same rail and thus do not affect the NPP either.
For the 6 medium (MVV) and 12 small vectors (SVV), at least
one of the three phases is connected to the neutral point of the
capacitor and forms a current with the positive and negative
rail of the DC supply.

When the MVV or the SVV are applied, the upper capacitor
C1 and the lower capacitor Co are charged and discharged
by the current I, thus causing the NPP drift. Each pair of

Fig. 5.
rents. (a)V4(ONN),iq
(d)V3(PO0),i, < 0.

SVVs operating states and their corresponding neutral point cur-
> 0 (b)V4(ONN),ig < 0 (c)V3(POO),iq > O

redundant SVVs has the opposite polarity of the I,,;, although
the output voltage state is the same, so they can be used
to mitigate the NPP drift caused by the MVVs. All the 27
switching states and different types of voltage vectors can be
found in Table III. Fig. 5 takes the switching states of V3
and Vj as an example to explain the relationship between the
neutral point current and the phase currents. Fig. 2 shows that
the positions of V; and V3 are the same, but the effect on NPP
is just opposite. Define SVV connected to the positive end of
the DC bus like V, as a positive small voltage vector (SVV
(+)), and SVV connected to the negative end of the DC bus
like V3 as a negative small voltage vector (SVV (-)).

The CMV is essentially the zero-sequence component
widely present in inverters and is defined as the potential
difference between the load neutral and the reference ground.

Vao = Van + Vno
Veo = VBN + Vo
Veo = Ven + Vo

(14)

where, V4n, Vpyand Vo are the three phases voltages, and
Vo, VBo and Vo are the pole voltages. Vo is the voltage
difference between the neutral point of the PMSM and the
neutral point of the capacitors. As for a balanced three-phase
system, the sum of the three-phase voltages is zero. Thus, the
definition of Vopy is

Vao + Vo + Vco
3

Vemv = 15)
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TABLE III
SWITCHING STATES AND ITS CORRESPONDING NEUTRAL CURRENT

Vector categories ~ Voltage level Switching state and neutral current
ZVV 0 (Null) Vo(NNN)  Vi(000)  V,(PPP)
0 0 0
V3(POO)  V7(OPO)  V5(OON)
—la —Ip —I.
V4(ONN)  VR(NON)  V5(PPO)
I, 1 I.
SVV Ve /3 b
Vio(NOO) ~ V14(ONO)  Vi1(OOP)
—la —Iy —I
Vo (OPP) V13(POP) V12(NNO)
I Iy I.
Vig(OPN)  Vi6(PON)  Vao(NPO)
la I I
MVV Vi.//3
1e/V3 V24(ONP)  Vaa(NOP)  Vag(PNO)
la Iy I
Vi5(PNN)  Vi7(PPN)  Vig(NPN)
LVV Wyel3 0 0 0
Vo1(NPP)  Vo3(NNP)  Va5(PNP)
0 0 0

According to (15), the CMVs for the 27 voltage vectors
are listed in Table IV. It is shown that MVVs and V;(0O00)
produce zero CMYV, and if space vectors with larger CMVs
are aborted, CMV can be controlled within +V;./3.

B. RFS-MPC Integrating with CMV Suppression

From the above analysis, it can be seen that the basic
zero voltage vector is generally used OOO switch state. The
magnitude of its CMV is zero, whereas the CMVs generated
by the switch state PPP and NNN are large, so they will not
be used in the proposed method. MV Vs have no effect on the
CMV, while the SVVs(+) cause the system to generate a large
CMYV during operation. And the CMV generated by SVV(-)
is only half of the CMV generated by SVVs(+), so the use
of SVVs(+) should be avoided in constructing the alternative
vectors.

In order to improve the SVV(+), it is considered to be com-
posed of a fundamental zero vector OOO and a fundamental
LVV. This method can solve the problem of large CMV in a
more ideal way. When the SVV(+) is not excluded, the CMV
can be as large as +V./3. In the improved scheme, the CMV
amplitude is reduced to +V;./6, which is only half of the
original one.

{ ;1 = 3Vooo0) + %VLl(PNN)
s2 = 3V 0(000) + 5 V12(PPN)
At this point, in conjunction with the RFS-MPC mapping

approach in Section II, the transformed SVV is used as the

center point of each sub-hexagon. This also paves the way for
the multi-vector MPC algorithm that follows.

(16)

C. NPP Hysteresis Balance Based on Multipolarity of Space
Vectors

In the previous subsection, the synthesis of SVV was
accomplished using ZVV and LVVs. In contrast to the use

Multi-vector combination

Table IV
CMV suppressiof

Neutral point Vector combination

current polarit that can adjust NPP
balance

Sab + A 4

Pulse Optimal dwell
generation [ time

Cost
function
minimizati
on by (21)

GRS Locate small
current (o
id*=0 —p»| prediction

abc/dg0
transformation

Fig. 6. Control diagram of the proposed method.

-7m/3 w/3 2x/3 m 4n/3 57/3 2w

Fig. 7. Direction of Three-phase Current in the Voltage Vector Figure.

of SVV(-) in place of SVV(+), the proposed scheme does
not produce a neutral point current in the synthesized SVVs
because the ZVV and LVVs do not produce a current at
the neutral point. However, in order to achieve a purposeful
regulation of the NPP, it is necessary to recombine a set of
fundamental vectors that act opposite to the NPP and to design
a controller that does not need to take into account the system
parameters. The whole control diagram is illustrated in Fig. 6.

1) Principle of the Proposed Multi-Vector Strategy: When
the 3L-NPC inverter drives the PMSM, the three-phase bridge
arm output voltage is related to the direction of the load
current. Fig. 7 shows the position of the voltage space vector
and the direction of the three-phase current at this time. Taking
the angle of Vi¢r as 15°, mapped to the sub-hexagon I. The
directions of the ABC three-phase currents are + — —.

In the previous subsection, we analyzed the effects of
various voltage vectors on the NPP balance. Taking the MVV
V16(PON) as an example, during its dwell time 7;,, the charge
qr,, flowing out of the neutral point O of the voltage dividing
capacitors due to the three-phase load current is:

Tm Tm Ten
a1, = / I,dt + / Iydt + / Idt. (17
0 0 0

If I, < 0 and the charge flowing out of neutral point O
gr,, <0, then Ug, becomes smaller and Uc, becomes larger;
if I, > 0 and the charge flowing out of neutral point O g7, >
0, then Ug, becomes larger and Uc, becomes smaller. And
since, as mentioned earlier, the current I, is always negative
throughout the sub-hexagon I, the influence exerted by the
original MVV on the NPP balance is also in a fixed direction.
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TABLE IV
SPACE VECTORS AND CORRESPONDING CMV

LVWW  Vemv MVV  Vemy  SVVH)  Vemy  SVVG) Vemv  ZVV Vomuv
Vis —Vie/6  Vig 0 Vi —Vae/3 Va Vie/6 Voo —Vae/2
Vir Vic/6 Vis 0 Vs Vie/3 Ve —Vae/6 Wi 0
Vig —Viae/6  Vao 0 Vs —Vae/3 V7 Vie/6 Vo Ve /2
Va1 Vie/6 Va2 0 Vo Vie/3 Vio ~Vac/6

Vas —Vae/6 Vay 0 Via —Vae/3 Vi1 Vie/6

Vas Vic/6 Vag 0 Vis Vie/3 Via —Vac/6

2) Multi-Vector Dwell Time Calculation: In the conven-
tional multi-vector MPC method, dwell times for two adjacent
voltage vectors and the zero vector are calculated from a
geometric relationship. In this paper, we refer to the method
in [5], optimizing the switching time by the cost function.
Assuming that the mapping reference voltage vector falls in the
first small sector of sub-hexagon I, analyze the vector selection
case and the dwell times. At this time, the original vectors
closest to the reference voltage are V3/Vy, Vi5 and Vig. First,
based on the amplitude-second balance principle of the space
vector, the following equation can be obtained:

To+T) + T =T; (18)

{ VeoTo + Ve T + VoI = Vief T
where Vo is the equivalent vector of the MVV Vig and T}
is its dwell time. V¢ is the equivalent vector of the LVV Vi5
and T5 is its dwell time. V2 is the equivalent vector of the
SVV V3/V, and Tj is its dwell time.
The reference voltage vector can be regarded as constant
over a cycle. Therefore, transform (18) into the o3 coordinate
system:

TV = Vo111 + Vo To + ViooTo
TV = Vp1T1 + Va1 + Violo
To+ T+ 15 =T

19)

where V1, Vo and Vo are the a-axis component of the
three selected voltage vectors. Vg1, Vg2 and Vi are the 3-axis
component. The duration ratio of the symmetrical vectors d,
ds and dj can be obtained by normalizing dwell times 77, 15
and Ty, respectively.

Vo = Vardy + Vaads + Vaodo
Vg = Vgldl + Vggdg + Vgodo

do =To /T, (20)
dy =T1/Ts
dy = To/T,.

In Section II, the predictive voltage is adopted as the desired
value u; in the next sampling time. The cost function can be
defined as follows to obtain the optimal solution of d;, do and
dp.

9= (= Vo) + (ufy — V3)*. 1)

where ug, and wuj are the predictive voltages. Taking partial
derivatives of (21) yields

o((uz=Ve)+(uz-V5)")

5979 = ad =0
1 1 22
89 _ 0 ((uh=Va)2+(up-Va)”) 0 (22)
ddy — dds =Y
Calculating (20) and (22) gives d; and ds as
dy = (AC — BD)/ (32 — A2) 23)
dy = (AD — BC)/ (B2 — Az)
where
A=V2 + V/321
B =V Va2 + Vg1 Va2 24)

C = —uZVal — UZVﬁl
D= —UZVQQ - UZVBQ.

The novel method is called optimal dwell time MPC. Its
computational complexity is greatly reduced. On the basis of
one-time prediction deadbeat control, the output error is further
reduced, and the control accuracy is improved. After the center
vector of the corresponding sub-hexagon is found out, the three
resultant voltage vectors in the mapping sector are applied and
switched in the optimal moments.

3) NPP Hysteresis Balance Controller Design: Based on
the previous analysis in subsection A, the NPP polarity of the
final output voltage is dependent on the NPP polarities of the
SVV and MVYV selected in this control cycle. Therefore, the
neutral point current can be effectively controlled by adjusting
the combination of voltage vectors. According to this sampling
period’s detected neutral point current polarity, the SVV and
MVYV opposite to the current polarity is output. The principle
of hysteresis control is shown in Fig. 8. However, the MV Vs
have no redundancy and can only balance the NPP from a
fixed polarity, whereas the SVVs, despite being paired, where
SVV(+) need to be avoided due to higher CMV.

In each sampling period, one equivalence short voltage
vector and two voltage vectors on the boundary of small
sectors are employed. This part will use this switch states
recombination feature to achieve NPP hysteresis control.
Defining the voltage vectors at the six sub-hexagons centers
as V;. According to the multi-vector MPC method proposed
in this paper, the output synthesized vector can only appear in
the following three cases. Taking the sub-hexagon centered at
V3/V, as an example (as shown in Fig. 5), the switch states
selection principle is explained as follows.

Case 1: the candidate voltage vectors are two SVVs and one
ZVV in terms of magnitude. Because the SVV(+) is replaced
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Fig. 8. Scheme of NPP Balance hysteresis control.

by a combined vector of LVV and ZVV, given its larger
CMYV, NPP hysteresis control can be achieved just by selecting
one proper SVV(-) and one V. If U, > Ug,, the SVV(-)
with negative g, are selected as the output. In sub-hexagon
LI, >0, I, <0, I. <0, thus V3(POO) is the proper
switch state. If Uz, < Uc,, the SVV(-) with positive g7,
are selected as the output. Thus V5(OON)/V14(ONO) is the
proper switch state. For the other two vectors, ZVV V;(000)
and the corresponding position of V, are chosen. None of
them will cause NPP fluctuations, and the CMV is also very
small.

Case 2: the candidate voltage vectors are two SVVs and one
MVV in terms of magnitude. In sub-hexagon I, the two MVVs
V16(PON)/Vo6(PNO) produce neutral currents I, and I, which
are all negative polarity. If Uz, > Uc,, the SVV(-) with nega-
tive g7, are selected as the output. Thus V;6(PON)/V56(PNO)
is the proper switch state. If U, < Ug,, the overall output
need to be of positive g7 . This can be achieved by rationally
utilizing the MVVs and SVVs. According to Fig. 7, within
the second small sector of the sub-hexagon I, the absolute
value of I, is always less than Ij,. Therefore, the total polarity
of Vg and V¢ is positive and still applies to the case where
U., < U.,. By the above method, although the neutral point
current of MVV is not adjustable, reliable suppression of the
NPP unbalance can still be ensured.

Case 3: the candidate voltage vectors are one SVV, one
MVV and one LVV in terms of magnitude. In this case, the
candidate space vectors have the same negative polarity neutral
point current. When Ug, > Ug,, hysteresis control can be
achieved by outputting them. But when Ug, < Ug,, even if
the equivalent combinations of the SVV is V; with no neutral
point current, the NPP polarity of the output vector is still
negative and the hysteresis control fails. To cope with this
situation, take the center vector replacement method. When
Uc, < Ug,, replacing the center vector with a positive polarity
neutral point current corrects the NPP of the resultant voltage
vector to zero. Although the CMV amplitude of SVV(+) is
larger, it is temporarily used to achieve NPP balance. When the
reference voltage vector is located in other sub-hexagons, the
switching state of the center vector that needs to be replaced
also changes, but in principle, such measures can always have
a negative feedback effect.

All voltage vectors and neutral current polarities in sub-
hexagon I are labeled as shown in Fig. 9, with black indicating
0, green indicating positive, and red indicating negative. The
mechanisms of the above three cases are summarized in Table

VeQON) e Vis(PON)
Ve, Fal
Case 2
Case 3
************* Vis(PNN)
== ¥
Case 3
. Case 2
V1,(ONO)
Viy Va5(PON)

Fig. 9. Scheme of vectors combination selection.

TABLE V
SUMMARY OF NPP HYSTERESIS CONTROL

Neares! thr_ee»vector NPP polarity Small sector Selected Center vector
combination type number voltage vectors replace
Ue, > Ug, 3 Vs, Vi, VY, No need
Case 1 4 V3, Vi, Vg No need
Ug, < Uc, 3 Vi V1, Ve No need
4 V2. Vi, Vig No need
Uc, > Uc, 2 Vs, Viy. Vig No need
Case 2 5 Vs, Vi Voo No need
Uc, < Uc, 2 Vs:l’ ‘/5:2’ Vie No need
5 Vi Vig» Vae No need
Uc, > Ug, 1 Va, Vis, Vie No need
Case 3 6 Vs, Vis, Ve No need
Ue, < Uc, 1 Vi, Vis, Vie Need
6 Vi, Vis, Vae Need

V. Ug, < Ug, in Case 3 needs to replace center vector, which
has a certain impact on the current control performance. Apart
from this, in other cases, it only changes the switch state and
does not affect the position of the output voltage vector. This
hysteresis control method provides a more robust suppression
of NPP imbalance without the need to model the neutral point
current. In addition, the regulation process is simple without
the need to fine-tune the weighting factors or recalculate the
action time of the active vector. By simulating the execution
time of each process in the algorithm, it can be found that the
computation time of the proposed strategy is only 19.6 us, of
which CMV suppression and NPP balancing account for only
24.4% of the computation amount.

D. Overall Control Scheme

Fig. 10 illustrates the flowchart for the proposed method,
which begins with the calculation of dg-axis predictive volt-
ages of PMSM. Then they are transformed to a3-axis, and the
sub-hexagon can be located. The mapping a3-axis predictive
voltages are used to obtain two adjacent voltage vectors and
center voltage vectors. The optimal dwell times of multi-vector
are calculated using the cost function. The computational bur-
den is greatly reduced and the reference voltage is generated
more accurately.

In order to achieve CMV suppression and NPP balance,
a hysteresis controller is designed. After the selection of the
candidate voltage vectors is completed and the dwell time is
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Get dg-axis Calculate dwell time of
predictive voltages selected voltage vectors
by (6) by (21) and (22)
Exclude Some ZVVs and
Determine the sub- recombine SVV(+) by
hexagon by Table | Table IV CMV
Locate small sector Yes No
Uc>U,
and obtain the three ‘ T }
nearest vectors ’
LetSVVand MVV | Let SVV and MVV

output positively output negatively

N J

End

Fig. 10. Flowchart of the proposed scheme.

TABLE VI
PMSM AND CONTROLLER PARAMETERS

Parameters Value Unit Parameters Value Unit
Stator Resistance (Rs) 0.65 Q Flux Linkage (1) 0.225 Wb
d-axis Inductance (Lg) 1.55¢-3 H g-axis Inductance (Lg)  1.55¢-3 H
Rated Speed (n) 1000 r/min Deadtime (¢4) 2.5 ps
Torque Constant (K¢) 0.552 N-m/A  Inertia (J) 8.58e-4 kg m?
DC-link capacitors (C1) 902 pF Rated Torque 6 N-m
Machine Pole Pairs (p) 4 Encoder Resolution 5000 PPR

determined, according to the detected polarity of the neutral
point current in this sampling cycle, the vectors combination
is adjusted. Finally, the 3L-NPC inverter outputs NPP opposite
to the polarity of the neutral point current. Compared to the
existing strategies, the proposed strategy is easily implemented
and gets rid of the dependence on the motor model.

V. EXPERIMENTAL RESULTS VERIFICATION
A. PMSM Test Rig Setup

To validate the feasibility of the proposed low computa-
tional burden MPC with NPP balance and CMV suppression,
the hardware experimental results are obtained on a PMSM
platform. The photograph of the experimental test rig is
shown in Fig. 11. The oscilloscope is the high performance
Tektronix MDO4024HD. Under different working conditions
of the experiment, the switching frequency is in the range of
4-8khz, which is suitable for practical application scenarios
of high voltage and high power. A high-power DC supply
powers the three-level NPC inverter, and an independent small
power supply powers the encoder of the PMSM. The loading
is provided with the help of a magnetic powder brake and an
external tension controller. The MicroLabBox dSPACE 1202
is chosen as the main controller. The PMSM and controller
parameters are listed in Table VL.

B. Steady-State Performance and Dynamic Response Compar-
ison

The performance of the proposed schemes is evaluated by
conducting comprehensive comparisons with RFS-MPC and
conventional multi-vector MPC (CMV-MPC) proposed in [18].
First, the steady-state performance of the three approaches is

Three-level NPC
inverter and Adapter
plates to dSPACE

Fig. 11. PMSM test rig setup.

IS

Fundamental (60Hz)

I, b(2A/div) 1
ey " o =6.42%
P THD=6.42%
S\ AV A Y e E3
W SN Ay P g
ik
- £3
. : & o
55!
ua{ 100V/div) i
#(20 ms/div) 0
0 1000 2000 3000 4000 5000
(a) Frequency (Hz)
4
To o(2ATdIVY Fundamental (60Hz)
/ b \ 5 _ THD=5.58%
-/'1,;\,/\, \ v\ \°§3
v | =2
““““ §-§2
. & o
§ <1
ua( 100V/div)

720 ms/div) 0
0 1000 2000 3000 4000 5000
(b) Frequency (Hz)

7o ATV

Fundamental (60Hz)
3 THD=4.77%

Magnitude in % of
the fundamental

i bl
#20 ms/div)

0 1000 2000 3000 4000 5000
(c) Frequency (Hz)

Fig. 12. Steady-state performance comparison at 500 r/min and 3Nm load.
(a) RFS-MPC. (b) CMV-MPC. (c) Proposed method.

tested under 500 r/min (50% rated speed) with a load of 3 N-m.
The line-line voltage and the phase currents corresponding to
different methods are shown in 12, respectively. The com-
parative experiment was also carried out under the operation
mode of rated speed and load, and the results are shown in
13. From the current spectrum, it can be observed that the
proposed method has the lowest current distortion among the
three approaches under different operating modes as it further
optimizes the dwell times.

The THD of RFS-MPC is significantly greater than that of
CMV-MPC and the proposed method. This is because RFS-
MPC selects the output voltage vector according to the region
where the calculated reference voltage is located and maintains
a single output throughout the control cycle. As shown in Fig.
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Fig. 14. Average switching frequencies comparison under different speeds.

14, the average switching frequency of RFS-MPC will always
be lower than that of the other two methods if operated at the
same sampling frequency. This is true over the entire speed
range, especially when the motor is running at low speeds,
where zero vector is selected most of the time.

The power test verifies that the inverter loss of the proposed
scheme is lower than that of CMV-MPC under different oper-
ating conditions. Despite the NPP balance, CMV suppression,
and excellent control effect, it does not actuate the switching
device more frequently. The switching devices of the 3L-NPC
inverter system are 1.5 times that of the two-level system.
Thus, the switching loss is more significant. It makes excellent
sense to reduce the switching frequency as much as possible,
like the proposed method.

It is also essential to analyze the transient behavior of the
PMSM drive and ascertain the dynamic response capability of
the proposed approach with the rated load. Fig. 15(a) shows
the g-axis current and speed response to a sudden change
in reference speed from 400 r/min to 750 r/min. It can be

Speed (1000 rpny/div. M—m
bl .

Speed (1000 rpm/div)

R) i'a(1A/div)

Tl'umiicnl response

— b

#(40 ms/div
(b)

Transfent response
(40 ms/div)
(2)

Fig. 15. Dynamic response of the proposed method. (a) Speed change from
400 r/min to 750 r/min. (b) Motor starts to rated speed.
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w
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g
?
]

Fig. 16. Comparison of transient performance when the speed loop is
removed, and the g-axis reference current is given as 4A. (a) RFS-MPC.
(b) CMV-MPC. (c) Proposed method.

seen that the proposed strategy can make a quick response to
complete the acceleration process. Moreover, Fig. 15(b) shows
the drive response when the motor starts to rate speed. Fig.
16 shows the transient performance comparison of different
methods when the g¢-axis reference current is set to 4A. The
settling time of CMV-MPC is the longest, while the proposed
method took 1.14 ms to track the reference current, slightly
slower than RFS-MPC. These results demonstrate that the pro-
posed method has satisfactory dynamic performance. During
the full speed range, the major contribution of the proposed
method is to relieve the computational burden at a similar
switching frequency range, besides certain improvements in
motor performance.

C. NPP Balance and CMV Suppression Test

Two tests were conducted to verify the NPP balancing effect
of the proposed method. First, the capacitors voltages before
and after the proposed scheme is put into use are compared,
and the experimental results are shown in Fig. 17(a). It can
be observed that the imbalance is serious at the beginning,
and the voltage difference between the upper capacitor and
the lower capacitor Uc,-Uc, on the DC side is about 15V.
After the proposed method is put into use, two capacitor
voltages tend to be same and their fluctuations are restricted
within the range of [-5, 5] most of the time. The proposed
method achieves significant results for the control of NPP. The
dynamic response of the NPP balance effect is shown in Fig.
17(b) when the motor speed is changed from 500 r/min to 1000
r/min, and the capacitors voltage difference remains stable.
The comparison experiment with CMV-MPC is presented in
Fig. 18, which indicates that the proposed method has a better
NPP balancing capability in the full speed range.
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Fig. 17. Two tests of NPP balance. (a) Comparison before and after
application of the proposed method. (b) NPP suppression effect dynamic
response.
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Fig. 18. Response of speed change from 500 to 1000 r/min with rated load
for (a) CMV-MPC. and (b) proposed method.

On the other hand, the CMV suppression effect of the
proposed method is shown in Fig. 19. Due to the application
of Vo(NNN), V5(PPP), and SVVs(+), the amplitude of CMV
is up to +Vy./2 before the proposed algorithm is put into
use. It should be noted that the magnitude of CMV is reduced
to less than 50 V immediately when the proposed strategy
is applied. The dynamic effectiveness of CMV suppression is
proved while, at the same time, the capacitors voltages can be
properly balanced to Vg./2. Fig. 20 shows the experimental
waveforms at high modulation indices. The THD of CMV-
MPC is 5.39%, while the proposed scheme has higher current
quality, but its CMV suppression effect is somewhat reduced,
because Case 3 requires the use of SVV(+).
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i
!

AAAAANAANAAAAAAN
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(2A7div)

! .
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120 ms/div)
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Fig. 19. CMV suppression effect. (a) Dynamic waveforms of CMV. (b)
Integrated situation under stable operation.
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Fig. 20. Experimental waveforms of the different methods at a modulation
index of 1. (a) CMV-MPC. (b) the proposed method.
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Fig. 21. NPP unbalance suppression effect of the proposed algorithm. (a)
Accurate capacitance parameters. (b) Capacitor increased to 150% of actual
value.
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D. Robustness Against Parameters Mismatch Test

The hysteresis control adopted by the proposed method is
independent of the capacitor model parameters. A comparative
experimental study is carried out to verify the effectiveness of
the proposed method in balancing NPP when the capacitor
parameters are inaccurate. Fig. 21 illustrates that the effect
of balancing Ug, and Ug, of the proposed method is not
influenced by the capacitor parameter mismatch. In terms of
motor parameters, it mainly involves resistance, inductance
and flux linkage, and their maximum range of variation is
also determined experimentally. Fig. 22 shows the comparative
results of RFS-MPC, CMV-MPC, and the proposed method
for stator resistance mismatch. The motor operates at 800
rpm with rated load, and at 0.10 s, the model resistance
suddenly changes to 150% of the actual value. The phase
current fluctuation and the g-axis ripple based on the proposed
method are the lowest. The steady state current performance
with mismatched inductance and flux parameters is shown in
Fig. 23. Despite the slight increase in THD, the waveforms
are stable and sinusoidal. The proposed method has some
sensitivity to the motor parameters, especially the inductance,
but still operates stably at 0.5 times mismatch.

E. Algorithm Execution Time Test

To verify the computational efficiency of the proposed meth-
ods, the turnaround time was read directly in the dSPACE1202
control system. Fig. 24 shows the algorithm execution time
for different scenarios under the same control period of 50us.
For a fair comparison, Scenario 1 employs the optimized
dwell time proposed in this paper, but the nearest three-vector
solution is used as the benchmark, and Scenario 2 uses the
proposed scheme. It can be observed that the computation
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Fig. 24. Algorithm execution time comparison. (a) Scenario 1. (b) Scenario
2.

time for Scenario 1 is longer at 35.6us. This is due to the
fact that the unsimplified multi-vector algorithm needs to
compute the predicted currents for the 27 switching states of
the three-level inverter and traverse to find the optimal output
combination. Scenario 2 is 55% faster than Scenario 1. In
addition, the complete operation of the proposed scheme is
tested, and 9.3us of code execution time is required to detect
the neutral current polarity and the data retention time for
the hysteresis control process. The proposed method is better
in terms of overall performance and is more computationally
efficient. Relieving the computational burden is meaningful
for practical applications, incorporate protection functions and
communication. The proposed method can leave more time
margin for other steps required for code implementation.

VI. CONCLUSION

In this paper, a novel multi-vector MPC method for 3L-
NPC inverter-powered PMSM is proposed, aiming to improve
computational efficiency and synergistically suppress CMV
and balance NPP. In the proposed method, the optimal dwell
time of each adjacent vector is calculated by the cost function
without weight factors. To realize the independence of ca-
pacitor parameters and NPP balance, a hysteresis controller is
introduced. The positive and negative NPP polarities of various
vectors in different sub-hexagons are fully utilized to decouple
vector selection from CMV suppression/NPP balance. Com-
parative experiments are conducted with other three-level MPC
algorithms, which reveal that the proposed method have not
only satisfactory steady-state output performance but also fast
transient response. The effectiveness and robustness of the
proposed method is also verified. The CMV is restricted within
+V4./6 most of the time, and the NPP imbalance situation
has also been greatly improved. Future work will focus on the
multiple sampling mechanism of the three-level MPC, MPC
optimization considering three-level inverter nonlinearity, and
enhanced robust MPC under parameter mismatch.
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