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Abstract—Finite control set model predictive control (FCS-
MPC) is widely used in rectifiers due to its fast response. When there
are multiple control objectives, the optimal switching sequence is
selected by minimizing the cost function with weighting factors.
However, the reduction of current ripple caused by output error
and switching loss is in conflict to a certain extent for FCS-MPC.
In addition, when multiple objectives are controlled, the selection
of weighting factor is a serious challenge. Therefore, a modulation
method based on continuous control set model predictive con-
trol is proposed in this article. Two phases are clamped and one
phase is modulated, which not only can significantly reduce the
switching loss without increasing the computational burden, but
also can control the neutral point voltage without using weighting
factors. In addition, when the proposed method is adopted, current
zero-crossing distortion can be suppressed over the full range of
modulation index. The effectiveness of the proposed method is
verified by simulation and experimental results.

Index Terms—Current zero-crossing distortion, model pre-
dictive control (MPC), switching loss, Vienna rectifier.

I. INTRODUCTION

V IENNA rectifier is a three-phase three-level topology with
unidirectional energy flow, whose outer and inner tubes are

diodes and IGBTs with antiparallel diodes, respectively. The
switching of the current path depends on the ON–OFF of the
IGBT, which means that Vienna rectifier has the advantages of
high power density, high reliability and eliminating the switch-
ing dead zone [1], [2]. Therefore, Vienna rectifiers are widely
used in wind turbines [3], [4], communication power sources
[5], and electric vehicles [6], [7].
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The following requirements need to be met during the high-
performance operation for Vienna rectifier: 1) The total har-
monic distortion (THD) of the current is low. 2) The switching
loss is as low as possible. 3) The neutral point voltage bal-
ance can be achieved, or the fluctuation of the neutral point
voltage is controlled within a small range. In order to meet
the abovementioned requirements, many control methods have
been proposed. The most common control method is the double
closed-loop control based on the dq synchronous rotating co-
ordinate system [8], which has good control performance and
is easy to implement. In order to improve the current response
speed, hysteresis control was introduced into the Vienna rectifier
[9], but the current THD of the hysteresis control is high. The
method of using proportional resonance controller was proposed
in [5], which can directly track the three-phase ac current in the
three-phase static coordinate system. However, the controller
is easy to oscillate, and the parameter design is very difficult
in the actual system. In addition, the existing control methods
include deadbeat control [10], sliding mode control [11], and
so on.

In recent years, with the rapid development of microproces-
sors, model predictive control (MPC) has become more and
more popular in power electronics. MPC is a multiobjective
hybrid control method including nonlinear constraints, which
has the advantages of fast response and strong robustness against
disturbances [12]. MPC can be classified into finite control set
MPC (FCS-MPC) and continuous control set MPC (CCS-MPC).
In FCS-MPC, finite number of candidate sets are determined
through certain constraints, and the switch sequence that min-
imizes the cost function is selected from the candidate sets.
When traditional FCS-MPC is adopted, only one basic voltage
vector is selected in each control cycle, the maximum output
error of the voltage can reach 50%, and the current THD is
relatively high. In order to reduce the output error in each
control cycle, a method to expand the candidate sets with virtual
vectors synthesized by basic voltage vectors was proposed in
[13]. However, this method has a large computational burden
and increases switching actions in a control cycle. A method that
combines the advantages of space vector modulation (SVM) and
FCS-MPC was proposed in [14], which reduced the current THD
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and computational burden. However, the reduction of switching
loss is not considered.

In fact, the performance of FCS-MPC mainly depends on the
number of candidate vectors and the selection principle [15].
In order to reduce the current THD, the vectors selected by
FCS-MPC should have a lower cost function. In order to reduce
the switching loss, the vector selected by FCS-MPC should
have fewer switching actions. The more candidate vectors of
FCS-MPC, the greater the possibility it is to obtain a smaller
cost function, but the computational burden is increased [16].
The vectors only located at the edge of the sector can be selected
as the candidate vector, which is represented by [13]. The vectors
located inside the sector can also be selected as candidate vec-
tors, which is represented by [14]. If the vectors only at the edge
of the sector are selected as the candidate vectors, the candidate
vectors are not evenly distributed in the space vector diagram,
and its cost function may be high, resulting in large current THD.
However, the vectors at the edge of the sector can be realized
by modulating only one phase, the switching loss is low. If the
vectors inside the sector are selected as the candidate vectors,
the candidate vectors can be evenly distributed in the space
vector diagram and the cost function is smaller than the former,
and the current THD is lower. However, the vectors inside the
sector must be realized by modulating three phases at the same
time, the switching loss is higher. In general, when FCS-MPC
is used, the reduction of current THD and switching loss is
in conflict to a certain extent. In order to reduce current THD
and switching loss at the same time, a discontinuous pulsewidth
modulation suitable for Vienna rectifiers was proposed in [15]
and [16]. In [15], the clamping mode was selected according
to the current, and the current zero-crossing distortion can be
reduced. However, the clamping interval of Vienna rectifier is
limited, and the switching loss cannot be reduced to less than
50%. In addition, the suppression effect on current zero-crossing
distortion is not obvious when the modulation index is high.

The neutral point voltage balance is a key object for three-level
rectifiers. Excessive dc offset will lead to overvoltage of the
power device and even lead to danger [17]. Taking the neutral
point voltage as a part of the cost function was proposed in
[18], which achieved multiobjective control by adjusting the
weighting factor. The control performance of the system for
different control objectives can be quickly changed by adjust-
ing the weight factor, which is simple and superior. However,
in actual control system, the choice of weighting factor is a
challenge. To eliminate the influence of the weighting factor,
the method to control the neutral point voltage by adjusting the
duty ratio of the redundant small vectors was proposed in [19].
When the basic voltage vector that minimizes the cost function
does not contain small vectors, this method will be invalid. The
idea of virtual space vector modulation was introduced into
MPC in [20]. The basic voltage vectors that affect the neutral
point voltage is removed from the candidate sets, only the basic
voltage vectors and the expanded virtual vectors that do not affect
the neutral point voltage are retained. However, the number of
switching actions is relatively large as well as the burden of
online calculation.

In this article, the voltage cost function is used to replace
the current cost function, and the reference voltage vector (uref)
used to accurately track the current is calculated. In fact, uref

may be located at any position in the space vector diagram, and
it may not be accurately synthesized by any modulation method
due to the limitation of Vienna rectifier. Therefore, the main
contributions of this article are as follows.

1) All vectors at the edge of the triangle are selected as
candidate vectors, and the vector closest to uref among
the candidate vectors is selected as the output vector,
which further reduces the output error and the current
quality compared to the method in [13]. Moreover, in terms
of reducing switching loss, the method proposed in this
article has the same characteristic with FCS-MPC, which
only selects the vectors at the edge of the triangle as the
candidate vector.

2) In (1), if uref cannot be accurately synthesized by any
modulation method, the method based on the principle of
minimum synthesis error is given in this article, which is
obviously better than the other existing methods in terms
of current zero-crossing distortion caused by the fact that
uref cannot be accurately synthesized.

3) Based on the proposed method, the three-phase output
voltage is derived directly, which can greatly simplify the
calculation.

4) The active neutral point voltage control method suitable
for the proposed method is also given.

In Section II, the basic principle of Vienna rectifier is in-
troduced, and the causes of current zero-crossing distortion
are briefly analyzed. In Section III, MPC methods based on
minimizing the current error and based on minimizing the output
voltage error are, respectively, introduced. In Section IV, the
principle and the neutral point voltage control method suitable
for the proposed method are introduced. In Sections V and VI,
SVPWM without current zero-crossing distortion processing,
SVPWM with current zero-crossing distortion processing, CB-
DSVM proposed in [15] and the method proposed in this article
are compared in terms of switching loss, efficiency and current
THD. Simulation and experimental results verify the feasibility
and superiority of the method proposed in this article.

II. ANALYSIS OF VIENNA RECTIFIER

The topology of Vienna rectifier is shown in Fig. 1, where Ls

and Rs are the filter inductor and its equivalent series resistance,
RL is the load, ex (x = a, b, c) is the three-phase grid voltage,
ux is the three-phase output voltage of the rectifier, ix is the
three-phase input current, and C1 and C2 are the upper and lower
capacitors of the dc side. The dc-link voltage is udc, and uC1 =
uC2 = udc/2 when the capacitor voltages are balanced.

The switching function Sx (x = a, b, c) represents the state
of the switch devices. When the switch devices are on, Sx = 1;
when the switch devices are off, Sx = 0. When Sx = 1, whether
the current is positive or negative, the output of this phase is
connected to neutral point O, and the state is defined as level 0.
When Sx = 0, if the current is positive, the output of this phase
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Fig. 1. Topology of Vienna rectifier.

TABLE I
OUTPUT LEVEL OF VIENNA RECTIFIER

is connected to the positive bus through the diode Dx1, and the
state is defined as level 1; if the current is negative, the output
of this phase is connected to the negative bus through the diode
Dx2, and the state is defined as the level -1. The relationship
between Sx and the output level of x-phase is shown in Table I

u = uα + juβ =

√
2

3

(
ua+ube

j 2π
3 + uce

j 4π
3

)
. (1)

Substituting the three-phase output voltage of Vienna rectifier
into (1), 27 basic voltage vectors can be obtained. Each vector
can be represented by a three-dimensional ordered array, as
shown in Fig. 2. For example, [1, 0, 0] means that phase A
outputs level 1, phases B and C output level 0. There are no
vectors [1, 1, 1] and [-1, -1, -1] in Vienna rectifier, and 25 basic
voltage vectors are available. According to the length of the
basic voltage vectors, basic voltage vectors can be classified
into 6 large vectors, 6 medium vectors, 12 small vectors, and 1
zero vector. The length of the small vector is defined as 1 in this
article. Substituting the reference output voltage and current into
(1), the reference voltage vector (uref) and current vector (i) can
be obtained. According to the sign of the three-phase current, it
can be classified into 6 sectors (I, …, VI). For example, when
ia>0, ib<0, and ic<0 (current state I), the current vector i is
located in the Sector I. Phase A is allowed to output level 1
and 0, phase B and C are allowed to output level 0 and -1. As
shown in Fig. 2, when i is in the current state I, the basic voltage
vectors that can be used to synthesize uref forms a small hexagon,
denoted as Hexagon I.

Vienna rectifiers usually operate at the unity power factor
on the grid side. Therefore, uref lags behind i and the angle is
usually less than π/6. Therefore, when the current is in current
state I, uref may be located in the triangle F3, as shown in Fig. 2.
Among the three vectors corresponding to the three vertices of
the triangle F3, only [0, -1, 0] and [1, -1, 0] can be realized. [1, -1,
1] cannot be realized and will be replaced by the vector [1, 1, -1],
which causes current zero-crossing distortion of Vienna rectifier.

Fig. 2. Decomposition of the space vector diagram of the Vienna rectifier.

Once this case happens, the current zero-crossing distortion
cannot be eliminated and can only be reduced by modulation
methods. The method to minimize the current zero-crossing
distortion will be introduced in Section IV.

III. MODEL PREDICTIVE CONTROL

A. MPC Based on Minimizing Current Error

The voltage drop across the equivalent series resistor of the
filter inductor can be ignored. Then, the continuous mathemat-
ical model of Vienna rectifier under the αβ coordinate can be
expressed as

Ls
diαβ
dt

= eαβ − uαβ . (2)
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In one control cycle, using Euler difference method to dis-
cretize (2), and it yields

Ls
iαβ(n+ 1)− iαβ(n)

Ts
= eαβ(n+ 1)− uαβ(n+ 1) (3)

where n and n+1 represent the current control cycle and the next
control cycle, respectively. However, there are disturbances and
digital delays in actual systems. In terms of disturbances and
digital delay compensation, the adopted method is the same as
that in [22]. The predicted current can be expressed as

ĩαβ,k(n+ 1) =
TS

Ls
[eαβ,k(n+ 1)− ũαβ,k(n+ 1)] + iαβ(n)

(4)
where ũαβ,k(n+ 1) represents the voltage of the kth basic
voltage vector in the candidate sets under the αβ coordinate.
ĩαβ,k(n+ 1) represents the current when the kth basic voltage
vector is modulated.

The current error generated by the kth voltage vector can be
expressed as

gi,k =
[
iα,ref (n+ 1)− ĩα,k(n+ 1)

]2
+ [iβ,ref (n+ 1)

−ĩβ,k(n+ 1)
]2

. (5)

Assuming that the number of candidate basic voltage vectors
is j. It is necessary to make k = 1, …, j in sequence. Then, the
current error generated by each basic voltage vector modulation
can be calculated. Finally, the basic voltage vector that can
minimizes the current error should be selected for modulation.

B. MPC Based on Minimizing Voltage Error

Equation (5) is the basis for judging the performance of each
basic voltage vector, and the number of (5) cannot be reduced.
In order to reduce the computational burden, the number of (4)
needs to be reduced.

Equation (3) cab be rewritten as

uαβ,ref (n+ 1) = eαβ(n+ 1)− Ls
iαβ,ref (n+ 1)− iαβ(n)

Ts
.

(6)
The kth basic voltage vector is substituted into (6), and it

yields

ũαβ,k(n+ 1)− uαβ,ref (n+ 1) + uαβ,ref (n+ 1)

= eαβ(n+ 1)− Ls

Ts

[
ĩαβ,k(n+ 1)− iαβ(n)

]
. (7)

Substituting (6) into (7), it yields

ũαβ,k(n+ 1)− uαβ,ref (n+ 1)

= −Ls

Ts

[
ĩαβ,k(n+ 1)− iαβ,ref (n+ 1)

]
. (8)

Equation (8) is substituted into (5), and gu,k is as follows:

gu,k = [uα,ref (n+ 1)− ũα,k(n+ 1)]2

+ [uβ,ref (n+ 1)− ũβ,k(n+ 1)]2

= (Ts/Ls)
2gi,k. (9)

Fig. 3. Modulation vector diagram of the proposed method. (a) Case I. (b)
Case II.

Comparing (5) and (9), it can be obtained that the solution to
the minimum value of gu,k and gi,k is the same, which means
that minimizing the current error and minimizing the voltage
error are equivalent.

Assuming that the number of candidate basic voltage vectors
is also j. When MPC based on minimizing the voltage error is
adopted, the number of calculations for the predicted voltage
is 1, and the number of calculations for the error voltage is j.
Compared with MPC based on minimizing current error, MPC
based on minimizing voltage error reduces the computational
burden greatly.

IV. NOVEL MODULATION METHOD BASED ON CCS-MPC

A. Principle of the Proposed Method

Based on the analysis in Section I, when i is in current state I,
all available basic voltage vectors for Vienna rectifier are located
in Hexagon I. The position of uref can be classified into two
cases. One is that uref is located in the triangle F3, the other is that
uref is located in Hexagon I. From the geometric relationship,
the boundary conditions of uref at Hexagon I and F3 can be
expressed as{

ub,ref − uc,ref < −udc,uref is located in triangle F3
ub,ref − uc,ref ≥ −udc,uref is located in Hexagon I

.

(10)
It can be classified into two cases for discussion.

Case I: uref is located in the triangle F3. Define the line con-
necting the vectors [0, -1, 0] and [1, -1, 0] as l, the distance
from uref to l is d, and the vector connecting the origin of the
coordinates and the foot of perpendicular is u′

ref . As shown
in Fig. 3(a), the vector [1, -1, 1] is not available in this case, and
the current zero-crossing distortion cannot be avoided. u′

ref

is the closest vector to uref among all available vectors. When
uref is replaced byu′

ref , the current zero-crossing distortion
can be minimized.

In the αβ coordinate, the line l and the distance d can be
expressed as

l : uβ +
√
3/2 = 0, d = −uβ −

√
3/2. (11)
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The vector u′
ref is difficult to solve directly, but it can be

expressed as the sum of two vectors

u′
ref = uref + uerr (12)

where uerr represents the error vector between uref and
u′

refu
′
err , uerr can be expressed as

u′
err =

d√
3
[0 1 − 1]T. (13)

Equation (13) is substituted into (12), and the coordinates
are transformed to the ABC coordinate system, then the actual
output voltage of phase ABC can be expressed as⎡

⎣u
′
a,ref

u′
b,ref

u′
c,ref

⎤
⎦ =

⎡
⎣ua,ref

(ub,ref + uc,ref − udc)/2
(ub,ref + uc,ref + udc)/2

⎤
⎦ . (14)

In order to reduce switching loss, the zero sequence voltage
can be injected to clamp the output levels of phase B and C to
level -1 and 0, respectively. The final actual output voltage can
be expressed as

[u′
a,ref u′

b,ref u′
c,ref ]

T
=

[
(3ua,ref − udc)

2
− udc

2
0

]T
.

(15)

Case II: uref is located in Hexagon I. The voltage vector is
defined as uref_1, which is obtained by subtracting the center
voltage vector ([1, 0, 0]) of Hexagon I from uref. It can be
expressed as

[ua,ref_1 ub,ref_1 uc,ref_1]
T

= [ua,ref ub,ref uc,ref ]
T −

[udc

2
0 0

]T
. (16)

Obviously, uref_1 is located in Hexagon 0, as shown in Fig. 2,
which satisfies the two-level modulation model. In order to
reduce switching loss and output error in each control cycle at
the same time, the two phases should be clamped, and only one
phase should be modulated. This means that uref_1 is replaced
by the vector u′

ref_1 that is the closest to uref_1 among the
vectors at the edge of adjacent small triangle.

As shown in Fig. 3(b), assuming that the vector uref_1 is
located in the triangle A1. The three sides of the triangle A1 are
defined as l1, l2, and l3, respectively. The vertical lines from the
end vertex of the vector uref_1 to l1, l2, and l3 are drawn with
distances d1, d2, and d3, respectively. The vectors connecting
from the origin of the coordinates to the foot of perpendicular
are u′

ref_1_1, u′
ref_1_2 and u′

ref_1_3, respectively.
In the αβ coordinates, the lines l1, l2, and l3 and the distances

d1, d2, and d3 can be, respectively, expressed as⎧⎨
⎩
l1 :

√
3uα − uβ = 0, d1=

(√
3uα − uβ

)
/2

l2 :
√
3uα + uβ −√

3 = 0, d2=
(√

3uα + uβ−
√
3
)
/2

l3 : uβ = 0, d3=uβ .
(17)

The vector uref_1_min corresponding to dmin = min(d1, d2,
d3) is the closest vector to uref_1 among the vectors at the edge
of adjacent small triangles. However, the vector uref_1_min is

Fig. 4. Switching sequences of the proposed method.

difficult to solve directly, but it can be expressed as the sum of
two vectors

u′
ref_1 = u′

ref_1_min = uref_1 + uerr (18)

where u′
ref_1 represents the actual output voltage vector under

the two-level model when the proposed modulation method is
adopted. Taking uref_1 closest to l1 as an example, the error
vector can be expressed as

uerr =
d1√
3
[−1 1 0]T. (19)

According to the method in Case I, u′
ref_1 can be expressed

as

[u′
a,ref u′

b,ref u′
c,ref ]

T
=

[
0 0 uc,ref− ua,ref+ub,ref

2

]T
.

(20)
When uref˙1 is located in the triangle A1, all the cases of

u′
ref_1 are shown in Table II.
When uref is located in Hexagon I, the actual output voltage

vector u´ref is equal to u′
ref_1 add the center voltage vector

subtracted from (16), u′
ref can be expressed as

[u′
a,ref u′

b,ref u′
c,ref ]

T

= [u′
a,ref_1 u′

b,ref_1 u′
c,ref_1]

T
+
[udc

2
0 0

]T
. (21)

B. Neutral Point Voltage Control of the Proposed Method

When the proposed method is adopted, two phases are
clamped, and one phase is modulated in each control cycle.
When i is in current state I, uref is in triangle A3, and uref˙1 is
closest to l1, the switching sequences of the proposed modulation
method are shown in Fig. 4.

Still taking the situation shown in Fig. 4 as an example, since
phases A and B have been clamped, the current flowing into the
neutral point can only be adjusted through phase C, which can
be expressed as

ΔiNP = Δu · sign(ic) · sign(−u′
c,ref ) (22)

where Δu represents the differential mode voltage injected into
the modulated phase, and ΔiNP represents the neutral point
current adjusted by Δu.

If uC1>uC2, the current flowing into the neutral point needs
to be increased. At this time, ic<0, u′

c,ref<0, phase C needs to
be injected with a negative voltage to decrease the action time
of level 0, as shown in Fig. 5(a). Conversely, if uC1≤uC2, phase
C needs to be injected with a positive voltage to decrease the
action time of the 0 level, as shown in Fig. 5(b).
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TABLE II
WHEN uref_1 IS LOCATED IN THE TRIANGLE A1, THE CALCULATION OF u′

ref_1

Fig. 5. Switching sequences with active neutral point voltage control.
(a) uC1>uC2. (b) uC1≤uC2.

In order to ensure that the injected differential mode voltage
does not excessively increase the output error, Δu is limited to
0.05udc, and it is written as

Δu =

⎧⎪⎪⎨
⎪⎪⎩

0.05udc

k(uC1 − uC2)sign(− u′
x,ref · ix),− 0.05udc

< k(uC1 − uC2) <0.05udc

−0.05udc
(23)

where x represents the modulated phase and k is the proportional
coefficient, which is related to the limitations of differential
mode voltage and neutral point voltage fluctuation. In this article,
the allowable neutral point voltage fluctuation is limited to
0.02udc, that is -0.02udc≤uC1-uC2≤0.02udc. Then, k can be
calculated as 2.5

k =
0.05udc

0.02udc
= 2.5. (24)

C. Algorithm Implementation of the Proposed Method

In summary, there are three steps to implement the proposed
method. The first step is to predict uref by (6). The second step
is to calculate u′

ref according to the method in Section IV. The
third step is to calculate ΔuNP by (23) to control neutral point
voltage. The specific implementation process of the proposed
method is shown in Fig. 6, and the control block diagram of the
system is shown in Fig. 7.

V. PERFORMANCE ANALYSIS

A. Switching Loss Analysis

The switching loss of SVPWM without current zero-crossing
distortion processing, SVPWM with current zero-crossing dis-
tortion processing, CB-DSVM proposed in [15] and the pro-
posed method in this article under different modulation index m

are compared. The switching loss of SVPWM without current
zero-crossing distortion processing is defined as the reference
value, denoted as PSL_SVPWM, then the switching loss of other
modulation methods can be expressed as

P ∗
SL = PSL/PSL_SVPWM. (25)

The red, green, and blue colors in Fig. 8 represent the switch-
ing loss curves of SVPWM with current zero-crossing distortion
processing, CB-DSVM and the proposed method, respectively.
When SVPWM with current zero-crossing distortion processing
is adopted, the output level of current zero-crossing phase is
clamped to level 0 if the current is in the zero-crossing re-
gion; the modulation method is the same as that of SVPWM
without current zero-crossing distortion if the current is not
in the zero-crossing region. Therefore, the switching loss of
this method is slightly better than that of SVPWM without
current zero-crossing distortion processing. When CB-DSVM
modulation is adopted by three-level rectifiers, the zero sequence
voltage used to clamp a certain phase may change the sign of
other phase voltages, which will cause current distortion and is
not allowed in Vienna rectifier. Considering the abovementioned
constraint, the phase with largest absolute value of the current
may not be always clamped in each control cycle in Vienna
rectifier. The lower the m is, the more constraints the clamping
mode has. When m is less than 0.58, if CB-DSVM is adopted,
only the phase with smallest absolute value of the current can be
clamped, and the switching loss can be only reduced by 18%.
Conversely, the higher the m is, the less constraints the clamping
mode has. However, when m reaches the maximum value of
1.15, the clamping of the phase with largest absolute value of
the current in each control cycle still cannot be guaranteed,
and the reduction of switching loss is still less than 50% with
CB-DSVM. There are always two phases clamped with the
proposed method, which means that the reduction of switching
loss is always greater than 50%. When m is around 0.58, the two
phases corresponding to the maximum and medium absolute
value of the current can be clamped in certain areas at the same
time, and the switching loss can be reduced by 82%. When m
reaches the maximum value of 1.15, the switching loss can still
be reduced by 55%.

B. Output Error Analysis

When the proposed modulation method is adopted, the output
error in a control cycle is the same every π/3. The output error
under different m andωt is shown in Fig. 9. The physical meaning
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Fig. 6. Algorithm execution diagram of the proposed method.

Fig. 7. Control block diagram adopted in this article.

Fig. 8. Switching loss comparisons of different modulation methods.

Fig. 9. Output error of the proposed method.

of the color in Fig. 9 is the ratio of the length of output error to
that of uref.

It can be seen from Fig. 9 that the output error is less than
10% in most operating states. When m is near 0.58 and 1.15, the
output error is almost zero; when m is 0.76 and ωt is π/6, the
output error reaches the maximum value of 25%.

Based on the abovementioned analysis, the proposed method
can reduce switching loss by more than 50% over the full range
of m, and the output error is less than 10% in most operating
regions. Especially when m is around 0.58, the switching loss
can be reduced by 82%, and the output error is almost zero. If
Vienna rectifier is operating with m around 0.58, the switching
loss and current THD will be greatly reduced.

VI. EXPERIMENTAL RESULTS

In order to verify the theoretical analysis, an experimental
platform of Vienna rectifier was built, as shown in Fig. 10, and
the main parameters of the system are shown in Table III.

SVPWM without current zero-crossing distortion process-
ing, SVPWM with current zero-crossing distortion processing,
CB-DSVM proposed in [15] and the proposed method in this
article under different m are compared in terms of switching loss,
efficiency and current THD. Figs. 11–13 are the experimental
results of the four modulation methods with rated load when m
is 0.60, 0.76, and 1.10, respectively. The dynamic experiments
of the proposed method are also given in Figs. 14 and 15.
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Fig. 10. Platform of the Vienna rectifier.

TABLE III
MAIN PARAMETERS OF THE SYSTEM

As shown in Figs. 11(a)–13(a), when SVPWM without cur-
rent zero-crossing distortion processing is adopted, the current
zero-crossing distortion is obvious over the full range of m, the
fifth and seventh harmonics of the current are relatively high. In
terms of current zero-crossing distortion, the effect of SVPWM
with current zero-crossing distortion processing and CB-DSVM
is similar. As shown in Figs. 11(b), 11(c), 12(b), and 12(c),
in the range of medium and low m, the current zero-crossing
distortion can be eliminated, and the fifth and seventh harmonics
of the current are significantly reduced. As shown in Fig. 13(b)
and 13(c), when m is very high, if the current is in the zero-
crossing region, uref may not be accurately synthesized by any
modulation method. The suppression effect of SVPWM with
current zero-crossing distortion processing and CB-DSVM on
current zero-crossing distortion is not obvious. For CB-DSVM,
there is relatively large neutral point voltage fluctuation with
triple fundamental frequency, which will lead to even order
harmonics in phase current. Therefore, the current THD of
CB-DSVM is always larger than that of SVPWM with current
zero-crossing distortion processing. As shown in Figs. 11(d) and
12(d), in the range of medium and low m, when the proposed
method is adopted, the current zero-crossing distortion can be
eliminated, and the fifth and seventh harmonics of the current
are significantly reduced. As shown in Fig. 13(d), in the range
of very high m, when the proposed method is adopted, the
current zero-crossing distortion can be minimized, and the fifth
and seventh harmonics of the current are significantly lower
than that of CB-DSVM and SVPWM with current zero-crossing
distortion processing.

The current THDs of different modulation methods under
different m and cut-off frequencies are listed in Table IV. It
can be seen from Table IV that the current THDs of the lat-
ter three modulation methods are significantly better than that
of SVPWM method without current zero-crossing distortion.
When m is 0.60, the output error of the proposed method is low,
and there is almost no neutral point voltage fluctuation with triple
fundamental frequency. In terms of current THD with cut-off
frequency of 2.5 kHz, the proposed method is almost the same
as SVPWM with zero-crossing processing, and it is better than
CB-DSVM. In terms of current THD with cut-off frequency of
30 kHz, the proposed method is worse than SVPWM with zero-
crossing processing, but it is slightly better than CB-DSVM.
When m is 0.76, the output error of the method proposed reaches
the maximum. In terms of current THD with cut-off frequency of
2.5 kHz, the proposed method is almost the same as CB-DSVM,
but it is worse than SVPWM with zero-crossing processing. In
terms of current THD with cut-off frequency of 30 kHz, the
proposed method is worse than SVPWM with zero-crossing
processing and CB-DSVM. When m is 1.10, if the current is in
the zero-crossing region, uref may not be accurately synthesized
by any modulation method. The suppression effect of SVPWM
with zero-crossing processing and CB-DSVM on current zero-
crossing distortion is not obvious. In terms of current THD with
cut-off frequency of 2.5 kHz, the proposed method is better
than SVPWM with zero-crossing processing and CB-DSVM.
That is because the proposed method is based on the principle
of minimum output error. In terms of current THD with cut-off
frequency of 30 kHz, the proposed method is slightly worse than
SVPWM with zero-crossing processing, and it is slightly better
than CB-DSVM.

Figs. 14 and 15 are the dynamic experimental results of the
proposed method under step-up and step-down changes of load
and dc-link voltage. It can be seen that the Vienna rectifier can
still operate stably in the dynamic process with the proposed
method. The dynamic response speed mainly depends on the
control loop. In fact, the control loop of the proposed modulation
method has no obvious improvement, and the dynamic exper-
imental effect is almost the same as that of the other methods,
which are not provided.

The switching loss and efficiency of different modulation
methods are given in Table V and Fig. 16, respectively. For
switching loss measurement, the adopted method in this article
is the same as that in [23].

It can be seen that proposed method is better than the other
three methods in terms of switching loss reduction. When
SVPWM without current zero-crossing distortion processing is
adopted, there are three switching actions in each control cycle
for three phases, and the switching losses are large. Therefore,
the efficiency of this method is lowest. When SVPWM with
current zero-crossing distortion processing is adopted, the phase
whose current is in the zero-crossing region is clamped to neutral
point; if there is no current in the zero-crossing region, it is the
same with SVPWM without current zero-crossing distortion.
Therefore, the efficiency of SVPWM with current zero-crossing
distortion processing is slightly higher than that without cur-
rent zero-crossing distortion processing. When CB-DSVM is



1658 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023

Fig. 11. Experimental results and current harmonic spectrums with different modulation methods. m = 0.60, E = 116V, RL = 235Ω, udc = 550 V. (a) SVPWM
without current zero-crossing distortion processing. (b) SVPWM with current zero-crossing distortion processing. (c) CB-DSVM. (d) Proposed method.

Fig. 12. Experimental results and current harmonic spectrums with different modulation methods. m = 0.76, E = 150 V, RL = 140 Ω, udc = 550 V. (a) SVPWM
without current zero-crossing distortion processing. (b) SVPWM with current zero-crossing distortion processing. (c) CB-DSVM. (d) Proposed method.

TABLE IV
CURRENT THDS OF DIFFERENT MODULATION METHODS UNDER DIFFERENT M AND CUT-OFF FREQUENCIES
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Fig. 13. Experimental results and current harmonic spectrums with different modulation methods. m = 1.10, E = 213V, RL = 70 Ω, udc = 550 V. (a) SVPWM
without current zero-crossing distortion processing. (b) SVPWM with current zero-crossing distortion processing. (c) CB-DSVM. (d) Proposed method.

Fig. 14. Dynamic results of the proposed method under DC-link voltage step-
up and step-down conditions. E = 168 V, RL = 100 Ω. (a) DC-link voltage
step-up from 450 to 550 V. (b) DC-link voltage step-down from 550 to 450 V.

Fig. 15. Dynamic waveforms of the proposed method under load step-up and
step-down conditions. m = 0.86, E = 168 V, udc = 550 V. (a) RL step-down
from 200 to 100 Ω. (b) RL step-up from 100 to 200 Ω.

TABLE V
EFFICIENCY UNDER OPERATING CONDITIONS OF FIGS. 11–13

Fig. 16. Switching losses under operating conditions of Figs. 11–13.

adopted, one phase is always clamped and two phases are mod-
ulated. Therefore, the efficiency is significantly higher than that
of the first two methods. With the increase of m, the interval of the
clamped phase with largest absolute current gradually increases
as well as its efficiency. When the proposed method is adopted,
one phase is modulated and two phases are clamped. Therefore,
its efficiency is significantly higher than that of the first three
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methods. With the increase of m, the interval of the modulated
phase with largest absolute current gradually increases, and its
efficiency decreases.

VII. CONCLUSION

In this article, the voltage cost function is used to replace
the current cost function, and uref used to accurately track the
current is calculated. Then, the vectors at the edge of the triangle
are selected as candidate vectors, and the vector closest to uref

among the candidate vectors is selected as the output vector.
If uref cannot be accurately synthesized by any modulation
method, the method based on the principle of minimum synthesis
error is given in this article, which is obviously better than the
other existing methods in terms of current zero-crossing distor-
tion caused by the fact that uref cannot be accurately synthesized.
In addition, the three-phase output voltage is derived directly,
which can greatly simplify the calculation. Finally, the neutral
point voltage control method suitable for the method proposed
is given. The superiority of the proposed method is verified by
simulation and experimental results.
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