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An Improved Model Predictive Control
Method Using Optimized Voltage Vectors for
Vienna Rectifier With Fixed Switching Frequency

Chang Liu
Boxue Zhang, Chenghui Zhang

Abstract—The Vienna rectifier is an attractive topology for in-
dustrial applications. In order to obtain fixed switching frequency
(FSF) while maintaining lower current distortion, an improved
model predictive control (MPC) method using optimized voltage
vectors and switching sequences is proposed in this article. First,
the space vector diagram of the Vienna rectifier is divided into
six sectors according to the input currents. Then using finite-set
MPC (FS-MPC), the sector can be further divided into subsectors,
which reduces the number of the candidate vectors from 19 to 7
simultaneously. Second, to achieve decoupling of the neutral-point
(NP) voltage balancing and current distortion, the small regions
are recombined into novel N- or P-type regions to compensate
for the absent vectors. More importantly, the FSF is realized by
the multiple vectors determined together by the fluctuation of the
NP voltage and the cost function without weighting factors, which
improves the current quality and it is beneficial for filter design. Fi-
nally, based on FSF-MPC, sequence optimization between adjacent
sampling periods is further considered. Compared with FSF-MPC,
the improved FSF optimized (FSFO) MPC can significantly reduce
the switching loss. The effectiveness of the proposed FSF- and
FSFO-MPC methods is verified by simulation and experiment.

Index Terms—Current distortion mitigation, fixed switching
frequency model predictive control (FSF-MPC) method, fixed
switching frequency optimized model predictive control (FSFO-
MPC), neutral-point (NP) voltage balance, Vienna rectifier.

I. INTRODUCTION

HE Vienna rectifier has been adopted in electric vehicle
I charging system and industry application due to the high
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efficiency and less use of switches. However, the current dis-
tortion appears when the voltage vector is changed between
sectors. Furthermore, the neutral-point (NP) voltage balance and
switching loss reduction should be considered simultaneously.

A number of modulation methods have been proposed for
the Vienna rectifier for the current distortion mitigation, NP
voltage balance, and switching loss reduction. In [1] and [2], an
improved space vector modulation scheme and a hybrid control
strategy are proposed to mitigate the current distortion. Nev-
ertheless, space vector modulation is complicated. To address
this issue, a zero-sequence component injection modulation
method is proposed in [3] to mitigate current harmonics under
the balanced or unbalanced load conditions. In [4] and [5], a
sinusoidal harmonic voltage injection pulsewidth modulation
(PWM) and carrier-based PWM method are proposed to mitigate
the current distortion and balance the NP voltage. Besides,
the loss should be considered in practice. Thus, in [6] and
[7], the discontinuous PWM (DPWM) methods come up to
improve the system efficiency and reduce the input current
distortion.

Recently, model predictive control (MPC) has become in-
teresting for easily achieving the multiobjective control, and it
shows more advantages in fast dynamic response without using
proportional-integral controller and inherent decoupling [8], [9],
[10]. In essence, for MPC, it is necessary to minimize the cost
function which penalizes the error between the required and
predicted items and satisfy constraints imposed on process per
sampling period [11]. Due to the good control performance, a
large number of MPC strategies have been applied in practice
[12], [13].

Nevertheless, with the growing number of converter voltage
levels, the computational burden in the MPC increases expo-
nentially. For example, for a three-phase rectifier, there are 8
(23) vectors in the two-level condition while 27 (3°) vectors in
the three-level case. In addition, when the multiobjective MPC
strategy is conducted, weighting factors are usually introduced
into the cost function. It can not only increase the computational
burden, but can also be tedious to select the suitable weighting
factors [13]. To improve the computational efficiency effectively,
the MPC strategy based on a simplified simulated annealing is
proposed in [14]. However, it optimizes the weighting factors
online rather than eliminating them. The remaining weighting
factors still increase the computational burden. To overcome the
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above-mentioned limitation, an MPC without weighting factors
is proposed with computational burden reduced [15]. In [16], an
improved current MPC is proposed to handle multiple control
objectives. They all obtain good control performance. Never-
theless, the mentioned methods select only one space vector
to track the reference voltage per sampling period, resulting in
larger current ripples.

With the purpose of higher current quality, a double-vector
MPC strategy for three-level inverters has been proposed in
[17]. During each sampling period, two candidate vectors are
used to track the reference current. Unfortunately, due to the dis-
tinctiveness the Vienna rectifier topology, severe zero-crossing
current distortions may occur when the input voltage and the
current are not in the same direction. Therefore, the conven-
tional double-vector MPC method cannot be directly used for
the Vienna rectifier. To overcome this limitation, Zhang et al.
[18] proposed a double-vector MPC strategy without weighting
factors for the Vienna rectifier with the goal of eliminating the
current distortions, and some vectors are removed according to
different sectors. However, when adjusting the NP voltage using
P(positive)- or N(negative)-type small vectors, the switching
frequency is forced to be unpredictable, leading to a complex
task to design the filter. Besides, the two candidate vectors still
limit the quality of the input current.

To achieve the fixed switching frequency (FSF), many MPC
methods especially the finite-set MPC (FS-MPC) have been
proposed. By setting the constraint of optimal pools such as the
voltage vectors or switching sequences [19], [20], the FS-MPC
can achieve the required control and the FSF is included. In [21],
atwo-stage MPC based on phase-shifted PWM (PS-PWM) is ap-
plied for a five-level active NP-clamped (SL-ANPC) converter.
Using the interleaved carriers, the FSF can be conveniently
realized. In [22], based on the capacitor voltages, the switch-
ing sequences are applied for a multilevel static synchronous
compensator (STATCOM) to fix the switching frequency. For
a seven-level hybrid multilevel converter (7L-HMC), a hybrid
MPC method with independent low- and high-frequency stages
is proposed in [23]. The optimized symmetric switching se-
quence can achieve the FSF. For three-level converters, Donoso
et al. [24] propose an FS-MPC strategy for a neutral-point-
clamping (NPC) converter with FSF using the nearest three
vectors. Yang et al. [25] propose a virtual multiple voltage vector
MPC strategy to split the sector into three subsectors for the
T-type three-level converter. The virtual vector is synthesized by
three vectors and it has no influence on the NP voltage. Notably,
the above-mentioned two MPC strategies can be applied to
common three-level rectifiers. However, in order to achieve
decoupling of the FSF and current distortions, some vectors are
abandoned [18] and the same candidate or virtual vectors cannot
be utilized anymore for the Vienna rectifier. The NP voltage
balancing strategy is also different when considering the FSF
and current distortions together. In [24], the redundant small
vectors (such as [PPO] and [OON]) are selected to balance the
NP voltage. However, in Sector I in [15], the small vector [PPO]
is removed to eliminate current distortions, which needs a new
strategy to balance NP voltage and achieve the FSF. Besides, the
removed vectors may lead the switching sequence to generate
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Fig. 1. Topology of Vienna rectifier.

more switching transitions in one sampling period or between
adjacent sampling periods. Therefore, it is urgent to achieve the
FSF and NP voltage balance with less switching transitions for
the Vienna rectifier.

In this article, an FSF-MPC method is proposed to fix the
switching frequency per sampling period. Based on it, a FSF
optimized (FSFO) MPC method is proposed to minimize the
switching transitions between adjacent sampling periods to re-
duce the switching loss. To the best of authors’ knowledge, so
far, there exist a little FSF- and FSFO-MPC methods for the
Vienna rectifier. The main contributions in this article are as
follows.

1) The space vector diagram for the Viennarectifier is divided
into subsectors by two steps. Then they are recombined
into novel N-or P-type regions to compensate for the
absent vectors due to decoupling of the current distortion.
In each new region, there are two sequences that can
be used to balance the NP voltage. Simultaneously, each
sequence can also achieve FSF per sampling period.

2) The sequence optimization between adjacent sampling
periods is further considered. Based on the proposed
FSF-MPC strategy, a novel sequence to save the switching
transitions per sector between adjacent sampling periods
is obtained. Compared with FSF-MPC strategy, the FSFO-
MPC strategy can significantly reduce the switching loss
and gain a high input current quality.

3) The results of the cost function after using in sector se-
lection are reused to distribute the duty ratios of multiple
vectors, which will not bring additional complex calcu-
lations. It can also increase the integrity and unity of the
proposed MPC method for Vienna rectifier.

To demonstrate the proposed method in detail, this article
is organized as follows. The mechanism for Vienna rectifier is
introduced in Section II. FSF- and FSFO-MPC strategies are
proposed in Section III. The effectiveness and feasibility of
the two proposed methods are verified by the simulations and
experiments in Section IV. Finally, the conclusions are given in
Section V.

II. DESCRIPTION OF VIENNA RECTIFIER

The three-phase Vienna rectifier topology consists of three
bidirectional switching units (S,, Sy, and S.) and six diodes as
depicted in Fig. 1. The ac side of the Vienna rectifier is connected
to the grid and the dc side is connected to the load. e, (x =a, b, ¢)
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TABLE I
SWITCHING STATES AND INPUT VOLTAGE OF VIENNA RECTIFIERS

Switching function

Switching state Condition S.(x=a, b, ¢) Uso
P >0 1 Va2
>0
(6] &T 0 0
N <0 -1 —Vul2
TABLE II

RELATIONSHIP BETWEEN SWITCHING STATES AND VECTORS

Vectors Names
Zero V, [000]
V. [POO] V,[ONN] _ V, [PPO]
Sl V.[OON] __ Vs[OPO] __ V,[NON]
V, [OPP] V4 [NOO] Vs [OOP]
Vio [NNO] Vi [POP]  V;, [ONO]
. Vi [PON] V2 [OPN] V5 [NPO]
Medium V,, [NOP] V5 [ONP] _ V,, [PNO]
Large Vi3 [PNN] Vi [PPN] Vi [NPN]
Vis [NPP] Vi7 [NNP] V5 [PNP]

represents the line grid voltages. R and L denote the equivalent
resistance and filter inductor, respectively. R, is the dc-link load.
In addition, the current flows into each phase is defined as ix (x
=a, b, ¢) and the current flows out of the NP Oisi,. CP and CN
are the upper and lower capacitors. Vp and Vjy are the voltages
of Cp and Cy, respectively. ip and i are the currents flowing
through Cp and Cy.

Due to the characteristics of the Vienna rectifier topology, it
can be found that both switching function and the grid current
direction have impact on the input voltage u,, (x = a, b, ¢) as
shown in Table I. It can be seen that the polarity of the input
voltage and current is supposed to keep the same.

According to the length of the voltage vectors, they can be
classified into four groups as listed in Table II. It can be observed
that there is only one zero vector Vo[OOO] left, which is limited
by the working principle of the Vienna rectifier.

From Fig. 1, the input voltage of the Vienna rectifier satisfies

diy
I

Ri,
1y dt

= (a,b,¢) ey

Ugo = €Ex —

where u,, (x = a, b, c) is the three-phase input voltage.

Suppose that the NP voltage is balanced, according to Table I,
the input voltage u,, based on the switching function S, can be
expressed as follows:

Vdc

umo:Sm' (x:a,b,c).

©))

Substituting (2) into (1), the input current can be calculated
as follows:
dZZL’ Vdc
Ri,+L— =€, — S, -
et Ly 2

3

(x =a,b,c).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 1, JANUARY 2023

With the forward Euler approximation, the continuous model
(3) can be rewritten in discrete form

L Vie - T

iallo o+ 1) = 73 - ea ()4 i (F) — A

M

Sy (k)(x=a,b,c)

C))
where i, (k) and e, (k) (x = a, b, c) are the three-phase input cur-
rents and the grid voltages at the kth instant, respectively. S,(k)
is the switching function at the kth instant. i,,(k+1) represent the
predictive three-phase input currents at the (k+1)th instant. T’
is the sampling period. M is a constant value, which is defined
as follows:

M = RT, + L. &)

In Fig. 1, the upper and lower capacitors gain the same value
C normally. Thus, the currents i p, iy, and i, can be obtained as
follows:

{ ip=CWe = 20 Vi) ©

1o =1N —ip = 2iNy = —2ip

Using the Euler approximation to (6), the predictive voltage
difference AV(k+1) between Vp(k+1) and Vy(k+1) at the
(k4+1)th instant is derived as follows:

o (K
AV (k+1) = —%Ts LAV (k) )
where AV(k) is the voltage difference between Vp(k) and V y(k)
at the kth instant.
According to Fig. 1, i,(k) is expressed as follows:

io(k) = (|Sz (k)] — iy (k)(x = a,b,c). 8)
Substituting (8) into (7), AV(k+1) is calculated as follows:

T.

AV (k+1)= 2 (1= [So(k)ic(k) + AV (k) (2 = a,b,0).

(€))

Assuming that the Vienna rectifier is operating under normal

condition, two basic control targets including the input reference

current tracking and NP voltage balancing are supposed to be

achieved. Therefore, the conventional cost function is written as
follows:

g1(k)=2q |ih (k+1) =iy (k+1)|+ A2 [AV (k+1)| (x=a,b, )
(10)
where X; is the weighting factor of the current tracking part,
and Ao is the weighting factor of NP voltage balancing part.
i* z(k+1) (x = a, b, c) is the three-phase input reference current
at the (k-+1)th instant.
Based on the Lagrange extrapolation theorem, i*,(k+1) is
derived as follows:

in(k+1)=3i (k) —3i.(k—1)+ i (k — 2)(x = a,b, ).
(11)
According to [18], for a rectifier, the reference input currents
are derived as follows:

iq (k) 2 ealk) es(k) 1[Pres
| T s@m v Em) ot “2b) (g e

12)
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Fig. 2. Sector division based on the three-phase input currents.

where e, (k) and eg(k) are the three-phase grid voltages in
a/3-coordinate system at the kth instant. P,.r and Q,.f are the
reference active power and the reference reactive power, respec-
tively.

Although the cost function (10) can satisfy the two control tar-
gets, all the switching function S,(k)s are required to iteratively
be evaluated online according to (4) and (9). For the Vienna
rectifier, there are total 25 space voltage vectors. Therefore,
it is allowed to calculate 25 times per sampling period. More
importantly, the selection and the adjustment of the weighting
factors are a time-consuming progress.

For simplicity, the discrete model (4) based on voltage vectors
in af-coordinate system is derived as follows:

us(B)] _ [eal®)] M [i5(k+1)], L [iah
upk) | Les(k) | Ty [ig(k+1) ] T, [ig(k)

(13

where u;, (k) and uj; (k) are the desired three-phase input volt-

ages at kth instant in aS-coordinate system.
Based on (13), the cost function (10) is rewritten as follows:
ug(k)|)+22 |AV (k+1)]

ga(k)=ri(|u, (k) —
(14)

where u,, (k) and ug(k) are the voltage vectors at the kth instant
in the a/3-coordinate system.

Compared with (10), the redundant vectors are ignored and the
number of the vectors is reduced from 25 to 19. However, (14)
still includes weighting factors. Moreover, (14) is not considered
to have FSF part. Therefore, it is highly required to realize
the desired performance and simplify the MPC method, while
achieving the two basic control targets in the cost function (14).

B+ [ (k) -

III. FSF- AND FSFO-MPC STRATEGIES
A. Sectors Division for Candidate Vectors

As previously analyzed, the input current and the phase volt-
age in the Vienna rectifier must be kept in the same direction
to have a high power factor. Otherwise, serious input current
distortion will occur.

To address the above-mentioned problem, the space voltage
vector diagram can be divided into six sectors by the input
current i,(k) in Fig. 2. For example, assuming that the i,(k) is
located in Sector II, the sign of three-phase input currents is
[+ + —] at this time. As previously analyzed, the two redundant
small voltage vectors [NON] and [OON] will produce serious
current distortions. In other words, only eight space voltage

Sector II
V,OPN VPPN

ViPPO

VsOPO V.00N

VisPON

Sector I
Sector I1I OO T
VisNPN——— V0PN V4000 ViPOO
VisNPN Y- V3OPN <~ ViPPN
X
N ViPOO
VuNPO \\/]:S(l;?l VOON & Y V000~ — JioNN VsPNN
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: V;0PO ViPPO
VaNPO — —yiNoN V00N WisPON
ViNOO——V,000 Ve \ vioNO V2PNO
| /
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V1NPP ViNOO V4,000 VIONN V,;PNN
Sector IV \ Sector VI
ViNPO—— V:OPO ', e w68 / V4000 ViPOO
VaNOP - vy V2PNO
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V- ORE) ~ v V,,POP
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Sector V

ViNOO

VNOP V,00P

V2:ONP
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VizNNP V2;0NP

Fig. 3. Space voltage vector diagram from Sectors I to V1.
Sh M,
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Fig.4. Different ways of dividing Sector I. (a) Six subsectors divided with the

proposed method. (b) Small areas divided with double-vector MPC.

vectors (Vo[OO0O], V;[POO], V3[PPO], V4[OON], V5[OPO],
V14[PPN], V19[PON], and V5¢[OPN]) are selected as candidate
vectors. Simultaneously, the number of candidate vectors will
be reduced from 19 to 7 (including the two redundant small
vectors).

Therefore, according to the different sectors, partial small
voltage vectors which are not conformed to the above-mentioned
principle are removed and six sectors are shown in Fig. 3.

Nevertheless, each sector can be further divided into six small
subsectors (ss). Different from the conventional method, which
relies on the amplitude and the phase angle of the reference
voltage (V) to determine subsectors, an FS-MPC strategy to
divide the sectors based on cost function is proposed in this
article.

Taking Sector I as an example in Fig. 4(a), it is supposed that
(14) is only used to track the current at this time. The coordinates
of the seven vectors are substituted into (14). Then, Ly, My,
Ms, S1, S2, Z1, and O, represent the calculated results of one
large, two medium, two small, one zero, and one origin voltage
vectors, respectively. The equation to select the ss; is expressed
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()
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Fig. 5. Effect of partial vectors in Sector I on NP voltage. (a) [PNN].
(b) [PON]. (¢) [POO]. (d) [ONN].

as follows:

ss; = min{p;},i € {1,2,3,4,5,6}

=Li+Mi,ps = L1 + My, p3 = My + 51
ps = Mz + So,ps = S1 + Z1,ps = S1 + Z2.  (15)
For example, if p3 is the minimum of p; (i = 1, 2---6), V,of

is located in ss3 as shown in Fig. 4(a). The other five sectors
which can be obtained from Sector I rotating around V,[OOO]
also follow the same principle.

B. Balancing the NP Voltage and Fixing the Switching
Frequency

For the conventional method, the effective way to control the
NP voltage is to use different types of vectors as shown in Fig. 5
[26]. Taking Sector I as an example, the large vector [PNN] in
Fig. 5(a) cannot affect the NP voltage whereas the medium vector
[PON] in Fig. 5(b) leads to an imbalance of the NP voltage. The
small P-type vector [POO] can discharge the upper capacitor Cp
and charge the lower capacitor Cy as shown in Fig. 5(c). On the
contrary, the small N-type vector [ONN] can discharge the lower
capacitor Cy and charge the upper capacitor Cp in Fig. 5(d).

Therefore, with the double-vector MPC method in [18], the
NP voltage is balanced by selecting P- or N-type small vectors.
However, the switching frequency is not fixed in this way.
Assuming the V. is located in ss; as depicted in Fig. 4(b),
it can be observed that ss; can be further divided into three
small shadow areas. In the blue shadow area, the candidate
two-segment sequences are [PON]-[POO] and [PON]-[ONN],
respectively. In the red shadow area, the candidate two-segment
sequences are [PNN]-[POO] and [PNN]-[ONN], respectively.
In the green shadow area, the only one two-segment sequence
is [PON]-[PNN]. Obviously, except the green shadow area, the
switching frequency in the other two areas is affected by the
fluctuation of the NP voltage.

All in all, it is apparently impossible to achieve the FSF only
by switching N- or P-type small vectors and highly desirable to

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 1, JANUARY 2023

TABLE III
SIX SEVEN-SEGMENT SEQUENCES IN SECTOR |

Subsector Seven-segment sequence

[ONN]-[PNN]-[PON]-[POO]-[PON]-[PNN]-[ONN]
[ONN]-[PNN]-[PNO]-[POO]-[PNO]-[PNN]-[ONN]
[ONN]-[OON]-[PON]-[POO]-[PON]-[OON]-[ONN]

1-[ -

1L -
[ONN]-[ONOJ-[PNOJ-[POO]-[PNO]-[ONO]-[ONN]

1-[ -[

1-[ -[

S8

Y

8853

S84

885

[ONN]-[OON]-[000]-[POO]-[000]-[OON]-[ONN]
[ONN]-[ONO]-[000]-[POO]-{000]-[ONO]-[ONN]

— = = = = =

SS6

propose a strategy to achieve both NP voltage balancing and the
FSE.

With the conventional modulation method of the three-level
converters, the nearest four candidate vectors are selected to
generate a seven-segment waveform. Among these four candi-
date vectors, usually two small vectors are N-type and P-type,
respectively. Therefore, as long as the sum of the duty ratio of the
two redundant small vectors remains constant, the NP voltage
is balanced by adjusting the dwell times of N- and P-type small
vectors. In addition, using the above-mentioned conventional
modulation strategy, the FSF is also achieved simultaneously.

As for the Vienna rectifier, taking Sector I as an example, the
six seven-segment sequences in ss; to ss¢ are listed in Table II1.

It can be seen in Table III that the above-mentioned seven-
segment sequences can achieve the FSF. However, except the
sequences in ss1 and sso, the absence of P-type small vectors
leads to the negative polarity (negative polarity in odd sectors
while positive polarity in even sectors) of the rest four sequences.
Although the dwell time of the redundant N-type vector [ONN]
can be set to zero to alleviate the negative polarity, the new
five-segment sequence reduces the ability of balancing the NP
voltage. For example, after removing the N-type vector [ONN] in
the sequence of ss3 in Table I11, the new five-segment sequence is
becoming [OON]-[PON]-[POO]-[PON]-[OON]. Based on the
symmetry of the sectors, the average current flowing out of the
NP is zero, which will not bring the NP voltage imbalance.
However, it cannot recover the NP voltage either when the
imbalance occurs. Thus, it can be concluded that the current
zero-crossing distortion, the FSF, and the NP voltage balancing
are coupled.

In fact, as long as each region contains both N-type and P-
type sequences, the NP voltage can be balanced. Inspired by
the previous analysis, the sector is supposed to be classified
according to its parity.

Take Sectors I and II as an example. In Sector I, since
the P-type vectors [PPO] and [POP] are removed as shown
in Fig. 3, all the sequences in six subsectors are required
to contain the left P-type vector [POO] and no N-type vec-
tors to ensure that the sequences tend to be P-type. There-
fore, ss3 and ss5 are combined into one region Py as shown
in Fig. 6(a). Similarly, Pry can also be derived from ssy4
and ssg in Fig. 6(a). The P-type sequences in Py and Pry
are [OOO]-[POO]-[PON]-[POO]-[OOO0] and [OOO]-[POO]-
[PNO]-[POO]-[0O0O0], respectively. As for P; and Py, the P-type
sequences are designed as [POO]-[PON]-[PNN]-[PON]-[POO]
and [POO]-[PNO]-[PNN]-[PNO]-[POQO]. Therefore, based on
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Fig. 6. Different ways of dividing Sectors I and II. (a) Four P-type regions in
Sector I. (b) Six N-type regions in Sector I. (c) Six P-type regions in Sector II.
(d) Four N-type regions in Sector II.

the above-mentioned method of dividing the sector into four
P-type regions, Sector I can be positive. The P-type sequences
in Py and Py of Sector I are illustrated in Fig. 7(a) and (b),
respectively.

Unlike the P-type small vectors, the N-type small vector is
not removed in Sector 1. Thus, the subsector does not need to be
merged like the P-type condition described earlier, and Sector
I is still divided into six negative regions in Fig. 6(b) (N, Ny,
N1, Niv, Ny, and Nyy). In contrary to the P-type sequence, each
N-type sequence contains at least one N-type small vector, which
makes the entire sequence negative. Therefore, Sector I can also
be negative. The N-type sequences in Ny, Ny, and Ny of Sector
in Ntire sequence negFig. 7(c), (d), and (e), respectively.

As for Sector II, contrary to Sector I, the N-type vectors are
removed as shown in Fig. 3. Therefore, the method to divide
Sector II into N-type regions is the same as that of dividing
Sector I into P-type regions as shown in Fig. 6(d). Sector II can
be also divided into six P-type regions as shown in Fig. 6(c). Con-
sequently, Sector II contains both N- and P-type five-segment
sequences. In Sector II, the P-type sequences in Py, Py, and Py
and the N-type sequences in Ny, Ny are illustrated in Fig. 7(£)—()
in turns.

According to the parity of the other four sectors, the odd
sectors (Sectors III and V) follow the dividing principle of Sector
I and the even sectors (Sectors IV and VI) follow Sector II.

Thus, each sector contains N-type and P-type switching se-
quences determined by the fluctuation of NP voltage. Due to
no redundant vectors, the three candidate vectors will generate a
five-segment sequence. In each sampling period, one of the three
phases is always clamped to keep the switching state unchanged,
and the other two-phase switches only act once, which achieves
the FSF.

Consequently, the weighting factor A, to balance the NP
voltage is removed in (14) and the new cost function consisting

TABLE IV
FIVE-SEGMENT SEQUENCES IN SECTOR I

Subsector Five-segment sequence
N; [PON]-[PNN]-[ONN]-[PNN]-[PON]
ST, [PNN]-[PON]-[POO]-[PON]-[PNN]
N [PNOJ-[PNN]-[ONN]-[PNN]-[PNO]
527y [PNN]-[PNO]-[POO]-[PNO]-[PNN]
N [PON]-[OON]-[ONN]-[OON]-[PON]
55 Tpy [PON]-[POO]-[0O00]-[POO]-[PON]
Ny [PNO]-[ONO]-[ONN]-[ONO]-[PNO]
55Ty [PNO]-[POO]-[000]-[POO]-[PNO]
Ny [000]-[OON]-[ONN]-[OON]-[000]
5 TPu [000]-[POO]-[PON]-[POO]-[000]
Nt [000]-[ONO]-[ONN]-[ONO]-[000]
86 Ty [000]-[POO]-[PNO]-[POO]-[000]

of only one term to penalize the error between the reference
voltage and the predictive voltage is derived as follows:

g3(k)=lug(k +1) — ua(k +1)

|+ Jup(k +1) —ug(k +1)].
(16)

According to Fig. 3, after dividing the sector, the candidate
vectors are reduced from 19 to 7, which further lessens the

computational burden.

C. Optimizing Switching Sequence Between the Adjacent
Sampling Period

In order to reduce the switching loss between the adjacent
sampling periods, the switching sequence needs to be further
optimized.

Take Sector I as an example. In ss1 (ss52), the shape of Py (Pyy)
in Fig. 6(a) is the same as that of N (Nyy) in Fig. 6(b). Therefore,
the P-type and N-type five-segment sequences are, respectively,
designed as  [PNN]-[PON]-[POO]-[PON]-[PNN]  and
[PON]-[PNN]-[ONN]-[PNN]-[PON] ([PNN]-[PNO]-[POO]-
[PNO]-[PNN] and [PNOJ-[PNN]-[ONN]-[PNN]-[PNO]). It is
observed that when the sequence needs to switch in the next
sampling period, the direct transition between state P and N is
avoided and only one-phase switch is operated.

In ss3 and ss5, there are two kinds of P-type sequences in
Py, which are listed as [PON]-[POO]-[OOO]-[POO]-[PON]
and [OOO]-[POO]-[PON]-[POO]-[O0O0], respectively. In or-
der to minimize the switching transitions between the adjacent
sampling periods when balancing the NP voltage, one effective
method is to keep the last vector of the previous switching
sequence and the first vector of the next switching sequence
the same. Therefore, the N-type sequence in Ny (also in ss3)
is designed as [PON]-[OON]-[ONN]-[OON]-[PON]. Similarly,
the sequence in Ny (also in ss5) is designed as [OOO]-[OON]-
[ONN]-[OON]-[OOQ]. Compared with the P-type sequences in
s§S3 Or ss5, the switching transitions between the adjacent sam-
pling periods are saved apparently. The same designed principle
is also suitable for ss4 and ssg. All the five-segment sequences
in Sector I are summarized in Table IV.

As for the even sectors such as Sector 11, the analysis of ss; and
ss9 is the same as that of Sector I. Reversing the N-type regions
and P-type regions can simply obtain the switching sequence of
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TABLE V
FIVE-SEGMENT SEQUENCES IN SECTOR II

Subsector Five-segment sequence
N [PPN]-[OPN]-[OON]-[OPN]-[PPN]
ST, [PPO]-[PPN]-[OPN]-[PPN]-[PPO]
52 Np [PPN]-[PON]-[OON]-[PON]-[PPN]
Py [PPO]-[PPN]-[PON]-[PPN]-[PPO]
Nun [OPN]-[OON]-[OOO]-[OON]-[OPN]
R [OPN]-[OPO]-[PPO]-[OPO]-[OPN]
Niv [PON]-{OON]-[OO0]-[OON]-[PON]
R [PON]-[POO]-[PPO]-[POO]-[PON]
Nin [000]-[OON]-[OPN]-[OON]-[000]
55 Ty [000]-[OPO]-[PPO]-[OPO]-[000]
Niv [0OO]-[OON]-[PON]-[OON]-[000]
e Tpy [000]-[POO]-[PPO]-[POO]-[000]

the rest four subsectors (ss3, 554, $55, and ss¢). The five-segment
sequences of Sector II are listed in Table V.

Besides achieving the FSF, the FSFO-MPC can effectively
reduce the switching loss between adjacent sampling periods.

D. Duty Ratios Calculation

The conventional SVPWM adopts the nearest three voltage
vectors with the volt-second balance to synthesize V,.;. The
restriction formula is expressed as follows:

{ de1Ver +deaVeo + de3Vez = Viey a7
dcl + ch + dc3 =1
where d.1, d.o, and d.3 represent the duty ratio of the three
candidate vectors V.1, V.o, and V.3, respectively.

It is observed that (16) calculates the distance from V. to
seven fixed vectors in each sector, which means that the larger
result of cost function is, the farther voltage vector is from V..
Thus, the duty ratio is inversely proportional to the result of the
cost function, which is expressed as follows:

(18)

where K is the scale factor and K > 0. g, is the result of (16)
corresponding to the candidate three voltage vectors V.1, V.o,
and V3.
Substituting (17) into (18), the scale factor K is calculated as
follows:
9c19c29c3
9c19c2 + 9c29c3 + 9c19c3 .

Since the results of the cost function are all non-negative, the
scale factor K can be guaranteed to be greater than or equal to 0.
Therefore, the calculated duty ratios are also non-negative and
they can be expressed as follows:

K:

19)

d 1= 9e29c3
¢ ge19c2+9e29c3+9de1Ges
— 9c19e3
dcg ge19e2+9ge29e3+9geirges (20)
d 3 = 9c19Gc2
¢ ge19c2t9ge29e3t+ge1ges

With the duty ratios of the three candidate vectors, a five-
segment sequence will be generated.

As previously analyzed, the existing MPC methods for Vienna
rectifier cannot address these issues of controlling multiple
targets such as the current distortion elimination, the current
ripples reduction, NP voltage balance, and fixing the switching
frequency. To address the above-mentioned issue, the FSF- and
FSFO-MPC strategies are proposed and the flow chart with five
steps of the two methods for Vienna rectifier is illustrated in
Fig. 8.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

To prove the effectiveness and feasibility of the proposed
method, the Vienna rectifier system is simulated in MAT-
LAB/Simulink. The parameters of the simulations are shown in
Table VI. There are four different MPC methods as listed in
Table VII. Among these, FSF- and FSFO-MPC methods are the
novel methods proposed in this article.

Figs. 9 and 10 are the steady-state simulation waveforms
of three-phase line-to-line voltages and input currents of four
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Fig. 8. Flow chart of the proposed MPC method.
TABLE VI
PARAMETERS FOR SIMULATIONS AND EXPERIMENTS
Grid voltage (e, e, e.) 150 V [peak]
Dc-link voltage (V) 400 V
Dc-link capacitor (C) 1000 uF
Dc-link Load (R;) 65Q/100Q
Equivalent resistance (R) 0.1 Q
L-filter (L) 5 mH
Switching frequency (f;) 10 kHz
Sampling time (7}) 100 us
TABLE VII
FOUR DIFFERENT CONTROL METHODS
MPC-1 Conventional MPC method with all vectors
MPC-2 Double-vector MPC method [18]
MPC-3 Proposed FSF-MPC method
MPC-4 Proposed FSFO-MPC method

- X TABLE VIII
Vienna rectifier PWM SIMULATED THDS OF FOUR METHODS UNDER VARIOUS Ry ,¢
e, R L A
— N Velc
(4 B .
2 T — 32 T éﬂj Method THD (R,=65 Q) THD (R,=100 Q)
PN MPC-1 17.89% 6.99%
= e k) esk)| ek (R i) i kl
R v DO MPC-2 4.34% 6.04%
Clarke transformation e MPC-3 3.43% 4.68%
ed) e ] i | inh ], Vi) Vi) MPC-4 3.50% 4.70%
Sampling at kth instant
Input | Proposed MPC method | Output ) ) ) ) )
' Step. 1 ! methods listed in Table VII with 400 V on the dc-side. The eight
i ! Small hexagonal sector | Sector corresponding total harmonic distortions (THDs) are listed in
| determining in Fig. 2 | —> Table VIII.
: | Asanalyzed in Section II, only keeping the voltage and current
5 : S — : in the same direction can the Vienna rectifier operate normally.
= ! Step. 2 ;ﬂ(";). P e %ﬁ; | Wl Therefore, when using MPC-1, all the vectors including those
g o I N u —_—> . . . :
e k) | Q@j’, Reference R (k)i—' ?alf*"?;?ﬁ?)(ﬁ)yﬁ i | causing the current distortion are selected as candidate vectors,
& re i & “ i . . . . . . .
ﬁiﬂ' : }z»;»mlcﬁ‘a';z;‘(n) Fyd . Lagrnge extrpolaion | k) resulting in serious distortion of the input current as shown in
Py : Voltage power loop L et ) : Fig. 9(a) and the THD of the input current is as high as 17.89%.
SZant | Step.3 | Similarly, the zoom-in view of the line-to-line voltage in Fig. 9(a)
candidate i . . . .
vectors : Region determining (15) & : _= exists some undesired voltage steps when crossing the zero-axis.
. €glon aetermining . . .
' (k1) | S o enleton (109 | Lulvi b This is because the phase voltage of MPQ—I is formed by the
e+ : : WA wrong voltage vectors and the Vienna rectifier cannot generate
- > : — : the corresponding phase voltage in this condition. In Fig. 10(a),
V ep. . . . .
LLUN : - (I]:) Netype [ with the increasing of Ry, from 65 to 100 £2, the amplitude of
P o | . . . . . .
LU tﬂ‘l%(:: Selectrquired ) Vo Voo Ves the input current is reduced to 8 A. Still, from its zoom-in view
Sector, 1 Vi) :‘y” vectors | the current distortion exists at the zero crossing point and the
i . vallingo il alies il e _>220r ! THD is 6.99%. It is worth noting that the conventional MPC
Lo Step. S N-type sequence] [ P-type sequence| | | method MPC-1 can be applied to the three-level T-type rectifier,
SR iy = | . . .
81,82,21,011 day = | | pwMm etc. However, it cannot be used for Vienna rectifier topology
| Ver.Veo.Ves  Dutyratio  deo,de ki We'sngS‘:,e"t generation I — directl
Ver,VeaVesl LM M, evaluation 20) =0 N | ) Y . . .
S1.82Z1,0; (Optimizing switching sequence pgpe ! It is seen in Figs. 9(b) and 10(b) that the input current zero-
! | petween the adjacent 7, S

crossing distortion has disappeared whereas there is another
distortion at the current peak with MPC-2. The THDs with two
different Ry s are 4.32% and 6.04%, respectively. In addition,
the line-to-line voltage waveform presents a ladder shape and it
is similar to that of adopting SVPWM. This is due to the fact
that the V.. is synthesized by two nearest vectors which are
certainly any two of the three vectors from the NTVSVPWM
(nearest-three vectors SVPWM) method. Among the nearest-
three vectors (excluding redundant ones), the double-vector
selection options are totally C3? = 3. Therefore, the uncertainty
of the above-mentioned options causes the non-FSF.

When MPC-3 and MPC-4 are adopted, the waveforms of
their currents and line-to-line voltage are basically the same as
depicted in Fig. 9(c) and (d). The current waveform is sinusoidal
without distortions. Besides, between —200 Vto O Vand 0 V
to 200 V, there exists a line-to-line voltage jump, indicating that
at this moment the candidate vectors are located in the area like
P as shown in Fig. 6(a).

Other zoom-in views of MPC-2, MPC-3, and MPC-4 in Figs. 9
and 10 show no distortion of the line-to-line voltage and the
three-phase current can cross the zero-axis smoothly, which
indicates the candidate vectors in Fig. 3 are correct.

The fast Fourier transform (FFT) diagrams of MPC-3 and
MPC-4 corresponding to Fig. 9(c) and (d) and Fig. 10(c) and
(d) are illustrated in Fig. 11. Since both methods adopt FSF,
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Fig.9. Simulation waveforms of line-to-line voltages and input currents with different methods under Ry, = 65 2. (a) MPC-1. (b) MPC-2. (¢c) MPC-3. (d) MPC-4.
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Fig. 10. Simulation waveforms of line-to-line voltages and input currents with different methods under R;, = 100 Q. (a) MPC-1. (b) MPC-2. (c) MPC-3.
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Experimental platform of Vienna rectifier control.

the frequency is mostly concentrated in the integer multiple
of the f; (10 kHz), such as 2f; (20 kHz). It can be observed
that in Fig. 11(b) and (d), there is a sideband harmonic around
fs caused by the discontinuous clamping and the reorder of
five-segment sequence, which is consistent with the DPWM
method [27].

As introduced before, MPC-4 optimizes the sequence switch-
ing between adjacent sampling periods when balancing the NP
voltage. Hence, it can effectively reduce the switching loss
compared with MPC-3. In this article, three variables have
impacts on the switching loss: method, Ry, and V.. Therefore,
the control variable method is adopted to compare the average
switching frequency and the THD values of MPC-3 and MPC-4
under different V4. and Ry, respectively.

V=400V ® Bl Mecthod-3 @ NN Method-4
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205 Min 343 208 206 204 205

200

Average switching
frequency
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Effects on THDs and the average switching frequency under different variables with MPC-3 and MPC-4. (a) Different V4. and Ry, = 65 €. (b) Different
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Dynamic simulation waveforms of line-to-line voltage V,; and input current i, with MPC-4 method. (a) Ry, from 65 €2 to 100 €2. (b) Ry, from 100 2

According to [17], the average switching frequency of the
Vienna rectifier can be expressed as follows:

f N-1
fo=x ; Su (i) @D
where N = f,/f. f, is the sampling frequency (1/T); f is the
fundamental frequency (50 Hz); S, (i) is the switching frequency
in one sampling period; and 6 means the number of all power
switches of Vienna rectifier. The results are summarized in
Fig. 12.

It is observed in Fig. 12(a) that when the V. is small, the
average switching frequency of MPC-3 and MPC-4 is basi-
cally the same. Since the modulation index is large, Vs is
mostly located in ss; and sso. According to Tables IV and
V, in the above-mentioned subsectors, the switching transition
between P- and N-type sequences is avoided for both two MPC
methods. When the V. gradually increases, the corresponding
modulation index is getting smaller, and V/..; is mostly located
in ss3, $54, 585, and ssg. According to Tables IV and V, the
switching transitions of MPC-4 in adjacent sampling period
are effectively avoided per sector whereas MPC-3 only designs
the five-segment sequence in each sampling period. Thus, the
average switching frequency of MPC-3 is higher than MPC-4.
When the load R;, gradually increases as shown in Fig. 12(b),
since the V. and the grid voltage keep constant, the subsectors
which V. passes are basically the same. Therefore, the average
switching frequency of two MPC methods is almost constant.
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Fig. 15.  Steady-state experimental waveforms under R, = 65 €2 of the line-to-line voltage and the input currents. (a) MPC-1. (b) MPC-2. (c) MPC-3. (d) MPC-4.
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Fig. 16. Steady-state experimental waveforms under R;, = 100 Q of the line-to-line voltage and the input currents. (a) MPC-1. (b) MPC-2. (c) MPC-3.
(d) MPC-4.
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Fig. 17. Experimental FFT diagrams impact of current of MPC-3 and MPC-4 under different Rrs. (a) MPC-3 with Ry, = 65 2. (b) MPC-4 with R, = 65 Q.

(c) MPC-3 with Ry, = 100 €2. (d) MPC-4 with Ry, = 100 €.
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Fig. 18.  Steady-state experimental waveforms of and line-to-line voltage V45, input current i,, Vp, and V with MPC-4. (a) Ry, = 65 Q, AVpny =0 V. (b) Ry,
=65Q, AVpy=20V.(c) R, =100, AVpy=0V.(d) Ry, =100 Q, AVpy =20 V.

However, due to the reordering of candidate sequences as listed All in all, whether changing V. or R, the average switching

in Tables IV and V, the average switching frequency of MPC-4  frequency of MPC-4 is smaller than that of MPC-3, demon-
is lower than that of MPC-3. Besides, it is observed that the strating the FSFO-MPC strategy can reduce the switching loss
THD values of MPC-3 and MPC-4 in Fig. 12 are almost the compared with the FSF-MPC strategy.

same, which indicates that the reordering of the sequence will The condition of a load step on Ry, is shown in Fig. 13. It can
not affect the quality of the input current greatly. be seen whether Ry, becomes larger or smaller, the amplitude
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Fig. 19. Dynamic experimental waveforms of line-to-line voltage Vs, input

current i,, Vp, and Vy with MPC-4 method. (a) R, = 65 Q. (b) R, = 100 Q.

of input currents can quickly catch up with the R; change,
indicating that MPC-4 method gains a fast dynamic response.

B. Experimental Results

To further verify the validity of the proposed FSF- and FSFO-
MPC strategies, a series of experiments have been carried out
with a Vienna rectifier as shown in Fig. 14. dSPACE is the main
controller of the whole system. The experimental parameters are
listed in Table VI.

Like the simulation, the experiment is also conducted using
the four MPC methods as shown in Table VII.

When R;, = 65 €2, due to using all vectors with MPC-1,
serious input current distortions occur as shown in Fig. 15(a).
Although MPC-2 in Fig. 15(b) removes those vectors causing
the current distortions, fewer vectors for synthesis will lead to
poor quality input currents. Moreover, the switching frequency
is not fixed, which improves the difficulty of designing the filters.
The input currents with MPC-3 and MPC-4 are much smoother
in Fig. 15(c) and (d). The line-to-line voltages exist in the jump
from O V to 200 V or —200 V to 0 V, which is caused by the
composite P-type or N-type regions like Py in Sector I or Nyy
in Sector II.

When R;, = 100 €2, the amplitude of the input current
decreases accordingly. The current distortions still exist with
MPC-1 in Fig. 16(a). The input current quality of MPC-2
is worse as shown in Fig. 16(b), indicating the double-MPC
method is greatly affected by different Rys. Although those
current harmonics can be reduced by larger inductance, it will
increase the volume of the inductance. Compared with MPC-1
and MPC-2, the input current quality of MPC-3 and MPC-4
is still high as shown in Fig. 16(c) and (d). This is because the
above-mentioned two methods adopt multiple vectors. As shown
in Fig. 17, like the simulation results in Fig. 11, the high-order
harmonics are also concentrated at the integer multiple of f;,
such as 2f; (20 kHz), indicating both two methods can achieve
the FSF

The steady-state experimental waveforms of MPC-4 are
shown in Fig. 18. Due to the fact that each subsector contains
both N- and P-type sequences, the AV can be controlled at any
difference and AV = 0V is the special case. Specifically, when
Ry, = 65 (), the steady-state waveforms in the case of AV=0V
and AV =20V are illustrated in Fig. 11(a) and (b), respectively.

When Ry, is changed to 100 €2, the above-mentioned two cases
are depicted in Fig. 11(c) and (d).

The dynamic experiment as shown in Fig. 19 is conducted
for further verifying the control performance of the proposed
MPC-4 method. To demonstrate the ability of the control of NP
voltage under two Ry, the AV is set as 20 V at first in Fig. 19.
When the NP balance strategy is adopted, the AV is reduced
quickly from 20 V to O V under R;, = 65 Q. Similarly, when R,
= 100 €2, the NP voltage can be still recovered. Therefore, by
switching P- and N-type sequences, the NP voltage can recover
immediately when the imbalance on dc side occurs.

V. CONCLUSION

The Vienna rectifier faces many challenges such as FSF, cur-
rent distortion elimination, current ripple reduction, switching
loss reduction, and NP voltage balance. For the sake of the
coupling of the above-mentioned issues, the mentioned problem
cannot be solved with the conventional methods properly. Thus,
two novel FSF- and FSFO-MPC methods are proposed. By the
effective performance conducted in simulation and experiment,
the conclusions can be summarized as follows.

1) The decoupling is realized, and the NP voltage is balanced
while also eliminating the current distortion, which indi-
cates the sector selection part performs well.

2) When the NP voltage deviation happens, the imbalance
can be restored quickly with the proposed method. Due to
adopting multiple vectors, the input currents gain a high
quality.

3) The FSF-MPC can fix the switching frequency per sam-
pling period, which is beneficial to the design of filter.
The FSFO-MPC can optimize the sequence between ad-
jacent sampling period on the basis of FSF-MPC, which
is beneficial for reducing the switching loss.

4) The cost function in (16) can achieve the current tracking
part. Besides, its results are brought into (15) to deter-
mine the candidate subsectors. Moreover, they can also
be calculated in (20) to obtain the duty ratios of the three
candidate vectors to generate a five-segment sequence.
Thus, the proposed method gains high integrity and unity
for the Vienna rectifier.

Therefore, it is observed that the two MPC strategies pro-
posed in this article can achieve multi control objectives prop-
erly to solve the above-mentioned problems, and improve
the performance of Vienna rectifier in industrial applications
effectively.
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