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Method With Compensation for Current Harmonic
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Abstract—Owing to the operational characteristic of a Vienna
rectifier, it is found that the traditional modulation method would
result in the current distortion. This paper, therefore, proposes a
novel zero-sequence component injection modulation method for
improving the input quality of the Vienna rectifier with balanced
or unbalanced dc-link voltages. In specific, the degree of unbal-
anced dc-link voltages increases the size of abnormal regions in
a slant and asymmetrical space vector diagram, which leads to
more serious current distortion. The proposed method identifies
the abnormal intervals by average duties accurately without de-
tecting the position of the reference vector. Considering the oper-
ational characteristics, three-phase compensation components are
calculated respectively depending on an unbalanced factor and
added to three-phase average duties in abnormal intervals. As a
result, the current harmonics of the Vienna rectifier are mitigated
significantly with balanced or unbalanced dc-link voltages. The
effectiveness and the performance of the proposed zero-sequence
component injection method for the Vienna rectifier are verified
by simulation and experiments.

Index Terms—Current harmonic mitigation, unbalanced dc-link
voltages, Vienna rectifier, zero-sequence component injection.

I. INTRODUCTION

W ITH the rapid development of power electronics tech-
nology, three-level (3L) rectifiers have been widely used

in the applications of the battery chargers, telecommunication
power systems, wind turbine systems, and power factor correc-
tion systems [1], [2]. Due to the advantages of compact size,
simple structure, and control scheme, low voltage stress and
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Fig. 1. Typical topology of the Vienna rectifier with dual dc loads.

high efficiency, a Vienna rectifier is an attractive option for
those applications [3]–[5].

A typical topology of the Vienna rectifier using bidirectional
switches, which is similar to the 3L T-type topology, is shown
in Fig. 1, where the dc voltage imbalance may lead to higher
stress on semiconductor devices and low-order harmonic pollu-
tion in the input currents. Therefore, extensive research works
have been carried out focusing on modulation methods [6], [7]
to solve these problems. Among these modulation methods, a
simple control scheme using the sinusoidal reference current
with hysteresis bands was presented in [8] and [9]. However,
it is difficult to design the input filters for the drawback of
varying switching frequency. On this account, both space vec-
tor pulsewidth modulation techniques [10], [11] and carrier-
based pulsewidth modulation (CB-PWM) methods [12]–[14]
have been widely applied to ensure a constant switching fre-
quency. Another well-understood NP voltage balancing control
method presented in [15] and [16] adds the offset voltage with
a zero-sequence component to the reference signals. Besides, a
hybrid control method combining additional adjustment coeffi-
cient is proposed in [17] to suppress the third-order NP voltage
fluctuation. Nevertheless, using the above-mentioned processes,
which did not consider the operational characteristic of the Vi-
enna rectifier, the input currents are still distorted seriously near
the zero-crossing points.

Considering the topological characteristic of the Vienna rec-
tifier, the sign of the input current is the same as that of a
control signal owing to the forced commutated current. Based
on the previous research works in [12]–[14], Lee et al. fo-
cused on the operational issues of the Vienna rectifier with the
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CB-PWM method in detail. A CB-PWM method for Vienna
rectifier operation with a variable power factor is proposed in
[12] to maintain the sinusoidal input currents. However, the CB-
PWM method ignores the possible operational state of the dc
voltage imbalance for the Vienna rectifier. Furthermore, com-
pared with a discontinuous pulsewidth modulation (DPWM)
method in [11], a simple carrier-based DPWM (CB-DPWM)
for the Vienna rectifier was proposed in [13]. This kind of CB-
DPWM method guarantees the normal operation of the Vienna
rectifier for all modulation index values, while it increases the
current harmonic distortion even though the efficiency of the
Vienna rectifier increases to a certain extent. As denoted in
[14], the CB-PWM method considering structural characteristic
needs comprehensive analysis definitely to improve the perfor-
mance for the Vienna rectifier. The optimized switching vectors,
which satisfy operational characteristics of the Vienna rectifier,
are selected from the cost function [18] in model predictive con-
trol for driving the permanent magnet synchronous generators
[19]. However, the unbalanced dc-link voltages may occur in
some operating conditions as well, such as switching transients
or sudden changes in dual dc loads. More significantly, the dc-
link capacitor voltages need to be unbalanced for satisfying the
wide range applications in an electric vehicle charging station
[20]. Apparently, the low-order current harmonics will be un-
predictable as the Vienna rectifier operates under the unbalanced
dc-link voltages [21].

In order to solve these problems, the performance of a mod-
ulation method to handle unbalanced dc-link voltages should
be further discussed to promote the applications of the Vienna
rectifier. Recently, 3L inverters aimed at split PV modules with
unbalanced dc-link voltage are discussed in photovoltaic sys-
tems [22]–[24]. Moreover, independent voltage control, which
generates the unbalanced dc-link voltage, is required to expand
the application of the rectifier in [25] and [26]. Several studies
suppress second- and fourth-order harmonics distinctly when
unbalanced dc-link voltages occur [27], [28]. However, not all
eight vectors can be utilized to synthetize the reference voltage
vector for the Vienna rectifier using the simplified PWM method
in [28], which cannot fully suppress the input current distortions
for the Vienna rectifier.

Based on the above-mentioned analysis, the compensation
method is the most attractive solution for the Vienna rectifier.
However, the traditional method only deals with the issue of dis-
tortion around a zero-crossing point with balanced dc-link volt-
ages, which is a special case of systems’ operation states. The is-
sue of low-order harmonics exists still under the condition of un-
balanced dc-link voltages. In addition, two reasons of the current
distortion including angle and unbalanced factor are coupled
with each other. To propose a general solution and meanwhile
address two issues of current distortion around zero-crossing
point and low-order harmonics simultaneously, the ranges and
components of the compensations should be analyzed in detail
and recalculated. Therefore, a zero-sequence component injec-
tion modulation method with compensation is proposed in this
paper to mitigate the input current distortion caused by the in-
herent topological characteristics of the Vienna rectifier under
both balanced and unbalanced dc-link voltage conditions.

Fig. 2. Current paths depending on the current direction and the switch-
ing unit (x = a, b, c). (a) “P,” ix > 0 [Sx = 0] . (b) “O,” ix > 0 [Sx = 1] .
(c) “O,” ix < 0 [Sx = 1] . (d) “N,” ix < 0 [Sx = 0] .

This paper is organized as follows. In Section II, operational
characteristics and average model of the Vienna rectifier under
unbalanced dc-link voltages are presented. In a slant and asym-
metrical space vector diagram, the essential reason of current
distortion is analyzed in detail. In Section III, a novel zero-
sequence component injection method of the Vienna rectifier
for current harmonics mitigation is proposed. In Section IV,
simulated and experimental results verify the performance of
the proposed zero-sequence component injection method. Fi-
nally, conclusions are drawn in Section V.

II. OPERATION OF THE VIENNA RECTIFIER

Fig. 1 shows the topology of the Vienna rectifier, which in-
cludes six diodes, three filter inductors, two capacitors, and three
bidirectional switching units (Sa , Sb , and Sc ). Three switching
units are controlled to ensure sinusoidal ac current and steady
dc-link voltage (Vdc). V1 and V2 are expressed as the upper and
lower capacitor voltages of the dc link, respectively.

A. Operational Characteristics of the Vienna Rectifier

The operational states of the Vienna rectifier are presented in
Fig. 2. These are determined by not only the controlled switching
unit but also the polarity of the ac phase current at a correspond-
ing instance.

Assuming the three-phase grids are balanced, the grid voltage
can be defined as ea , eb , and ec

⎧
⎨

⎩

ea = Vm cos θ
eb = Vm cos(θ − 2π/3)
ec = Vm cos(θ + 2π/3)

(1)

where Vm and θ are the amplitude and phase angle of grid volt-
ages. When the Vienna rectifier operates with the unity power
factor, the grid currents (ix , x = a, b, c) can be expressed by

⎧
⎨

⎩

ia = Im cos(θ)
ib = Im cos(θ − 2π/3)
ic = Im cos(θ + 2π/3)

(2)
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Fig. 3. Vienna rectifier operation when pf = 1.

TABLE I
LAGGING PHASE ANGLE ACCORDING TO CURRENTS AND

REFERENCE VOLTAGES POLARITY

Sector Currents
polarity

Subsector Reference
voltages
polarity

θ

I (+, –, –) 1 (+, –, +) [–π/6, ϕ – π/6]
2 (+, –, –) [ϕ – π/6, π/6]

II (+, +, –) 3 (+, –, –) [π/6, π/6 + ϕ]
4 (+, +, –) [π/6 + ϕ, π/2]

III (–, +, –) 5 (+, +, –) [π/2, π/2 + ϕ]
6 (–, +, –) [π/2 + ϕ, 5π/6]

IV (–, +, +) 7 (–, +, –) [5π/6, 5π/6 + ϕ]
8 (–, +, +) [5π/6 + ϕ, 7π/6]

V (–, –, +) 9 (–, +, +) [7π/6, 7π/6 + ϕ]
10 (–, –, +) [7π/6 + ϕ, 3π/2]

VI (+, –, +) 11 (–, –, +) [3π/2, 3π/2 + ϕ]
12 (+, –, +) [3π/2 + ϕ, –π/6]

where Im is the amplitude of the phase input current. Due to
the filter impedance, the three-phase reference signals (va ref ,
vb ref , vc ref ) are expressed as

⎧
⎨

⎩

va ref = m cos(θ − ϕ)
vb ref = m cos(θ − 2π/3 − ϕ)
vc ref = m cos(θ + 2π/3 − ϕ)

(3)

where m is the modulation index, θ is the phase angle, and ϕ
is the lagging angle. The input waveforms and reference signal
are shown in Fig. 3 when the Vienna rectifier operates with a
unity power factor (pf = 1).

As shown in Fig. 1, when ix > 0, the voltage between points x
and o (uxo , x = a, b, c) consist of V1 and zero; otherwise, uxo
consists of –V2 and zero. This divides the space vector diagram
into six vector sectors (I, II, III, IV, V, VI). Meanwhile, lagging
angle ϕ exists in each vector sector. Hence, 12 subsectors and
corresponding phase angle follow the rules in Table I. Addition-
ally, it is known that the lagging angle ϕ cannot exceed 30°,
which is the maximum phase allowed between the current and
the voltage [12].

B. Average Model of the Vienna Rectifier With Unbalanced
DC-Link Voltages

Considering the unbalanced dc-link voltages, the dc-link volt-
age Vdc is expressed as

Vdc = V1 + V2 . (4)

Fig. 4. Control block diagram of the Vienna rectifier with the traditional
zero-sequence injection method.

The difference voltage ΔV between upper and lower voltage
is denoted as

ΔV = V1 − V2 . (5)

The voltage unbalanced factor k (–1 < k < 1) is defined as

k =
V1 − V2

V1 + V2
. (6)

For each phase loop, the Kirchhoff voltage law equations are
expressed as

⎧
⎪⎨

⎪⎩

ea − Ldia

dt = uao + uon = Vd c
2 · va ref

eb − Ldib

dt = ubo + uon = Vd c
2 · vb ref

ec − Ldia

dt = uco + uon = Vd c
2 · vc ref

(7)

where uon is the common mode voltage
{

ed = Ldid

dt − θLiq + Vd c
2 vd ref

eq = L
diq

dt + θLid + Vd c
2 vq ref .

(8)

Based on (8), the controller of the Vienna rectifier is designed
based on the synchronous reference frame (d–q frame). To ex-
tend the available modulation range to 1.15, the zero-sequence
component vo is injected into the three-phase reference signals
vx ref (x = a, b, c). The modified reference signals denoted as
v′

x ref (x = a, b, c) can be expressed as
⎧
⎨

⎩

v′
a ref = va ref + vo

v′
b ref = vb ref + vo

v′
c ref = vc ref + vo

(9)

vo = −fmax + fmin

2
(10)

where fmax and fmin are defined as
{

fmax = max(va ref , vb ref , vc ref )
fmin = min(va ref , vb ref , vc ref ).

(11)

The injected zero-sequence component can be modified as
follows when considering the unbalanced factor:

v′
o = −fmax + fmin

2
+ k. (12)

According to the average model of the Vienna rectifier in
(8)–(12), Fig. 4 shows the total block diagram of the tradi-
tional control and zero-sequence component injection method,
as well as the NP potential control strategy for the Vienna
rectifier.
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Fig. 5. Slant space vector diagram of the Vienna rectifier with k = 0.

On the base of a balancing mechanism, the variable of the
zero-sequence component (Δvo ) is able to regulate the po-
tential voltage at a neutral point. As the variable of the zero-
sequence component shown in Fig. 4, the unbalanced factor
is added to the zero-sequence component (vo ). In addition, k is
obtained through feedback of the output voltage difference (Δv)
with a PI controller. Balanced dc-link voltage is only a special
case of unbalance when k = 0. Therefore, balanced and unbal-
anced dc-link voltages are controlled accurately by changing
ΔVref/Vdc ref in application of electric vehicle charging station
or energy storage station.

C. Current Distortion Analysis

The main drawback of the traditional zero-sequence injection
method is the input current distortion caused by the inherent
topological characteristics of the Vienna rectifier. To analyze
current distortion directly, the switching states with the space
vector diagram are illustrated in two operation modes: 1) k = 0;
and 2) k � 0.

The space vector diagram under the first mode is presented
in Fig. 5, where the space voltage vectors can be divided into
four groups: zero, small, medium, and large vector, as listed in
Table II.

Because of the force commutated current, lagging angle (ϕ)
slants the space vector diagram of the Vienna rectifier, as shown
in Fig. 5. Hence, only eight green coordinate vectors can be
used as the candidates when the voltage reference vector (

−−→
Vref )

locates in the red shadow zones in subsector 1. The hexagon,
which is composed of [OOO], [OON], [PON], [PNN], [PNO],
[ONO], [ONN], and [POO], cannot cover the red shadow zone.
As a result,

−−→
Vref is not properly synthesized. This is the main

reason of current distortion for the Vienna rectifier with balanced
dc-link voltages especially at the zero-crossing point.

Considering the second mode, the revised space voltage vec-
tor diagrams are slant and asymmetrical, as shown in Fig. 6. It

TABLE II
VOLTAGE VECTORS AND CORRESPONDING SWITCHING STATES

Vector Magnitude Switching state

Zero vector 0 [PPP] [OOO] [NNN]

Small vector 1
3 Vdc P-type N-type

[POO] [ONN]
[PPO] [OON]
[OPO] [NON]
[OPP] [NOO]
[POP] [ONO]
[OOP] [NNO]

Medium vector
√

3
3 Vdc [PON] [OPN] [NPO]

[NOP] [ONP] [PNO]

Large vector 2
3 Vdc [PNN] [PPN] [NPN]

[NPP] [NNP] [PNP]

can be seen that six pairs of small vectors are not overlapped
anymore and the medium vectors deviate from their original
locations. Zero vectors and large vectors are not affected by the
unbalanced dc-link voltages.

For the case that 0 < k < 1, the reference vector (
−−→
Vref ) locates

in sector I. As shown in Fig. 6(a), the area of hexagon is smaller
than it in the case of k = 0. Thus, two orange zones appear ac-
cordingly in which reference vector

−−→
Vref is not synthesized using

the traditional zero-sequence injection method. It is convenient
to combine the red shadow zone in subsector 1 and the orange
zone in subsector 2 as the P_A state and define the other orange
zone in subsector 2 as the P_B state. Six P states appear at the
same time when 0 < k < 1, as shown in Fig. 6(a). For another
case that –1 < k < 0, the same analysis can be elaborated. In
a similar way, six N states appear simultaneously in Fig. 6(b).
Hence,

−−→
Vref cannot be synthesized by relevant switching states

if the reference vector locates in these P states and N states,
which are defined as abnormal regions. Therefore, abnormal
regions are the essential reason of severe current distortion for
the Vienna rectifier. Obviously, the lagging angle and absolute
value of the unbalanced factor would increase the size of ab-
normal regions when k � 0. So comparing with the balanced
mode, the current distortion is even worse when dc-link volt-
ages are unbalanced. Furthermore, because of force commutated
current, [POP] and [PNP] are disabled as synthesized vectors
in Fig. 6(a). Therefore, a simplified PWM strategy proposed in
[27], which utilizes [POP] or [PPO] as nearest vectors to extend
the linear modulation range, is improper for the Vienna recti-
fier. To solve this problem, a novel zero-sequence component
injection method is proposed in this paper.

III. PROPOSED ZERO-SEQUENCE COMPONENT INJECTION

METHOD FOR CURRENT HARMONIC MITIGATION

Based on the previous analysis, both lagging angle and un-
balanced factor can lead to the current distortion. The proposed
zero-sequence component injection method could compensate
the effect of lagging angle and unbalanced factor by assuming
two main calculation steps: 1) identification of abnormal regions
in a simple way and 2) calculation of compensation components.
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Fig. 6. Asymmetrical space vector diagrams of the Vienna rectifier with k � 0. (a) 0 < k < 1. (b) –1 < k < 0.

Fig. 7. Relationship between average duties and switching sequences for the
Vienna rectifier in sector I.

A. Identification of Abnormal Regions

A single CB-PWM switching method is implemented for
switching the semiconductor devices easily. For this section,
sector I is taken as an example to analyze the zero-sequence
injection method in detail. The average duties are defined as dx

(x = a, b, c) shown in Fig. 7 when the reference vector locates
in sector I.

When ia > 0, ib < 0, ic < 0, uxo (x = a, b, c) are determined
by average duties as

⎧
⎪⎪⎨

⎪⎪⎩

uao = Vd c
2 · (va ref + v′

o) = Vd c
2 · (1 + k) · da

ubo = Vd c
2 · (vb ref + v′

o) = −Vd c
2 · (1 − k) · (1 − db)

uco = Vd c
2 · (vc ref + v′

o) = −Vd c
2 · (1 − k) · (1 − dc).

(13)
In general, three-phase duty equations can be calculated by

⎧
⎪⎨

⎪⎩

da = va r e f +vo +k
1+k

db = 1 + vb r e f +vo +k
1−k

dc = 1 + vc r e f +vo +k
1−k .

(14)

With (3), (9), (10), and (11), three-phase reference signals
(v′

x ref, x = a, b, c) can be obtained after zero-sequence injec-
tion according to θ. When –π/6 � θ � ϕ, v′

a ref, v′
b ref, v′

c ref are

expressed by
⎧
⎪⎨

⎪⎩

v′
a ref = −(

√
3/2)m sin

(
θ − π

3 − ϕ
)

v′
b ref = (

√
3/2)m sin

(
θ − π

3 − ϕ
)

v′
c ref = (3/2)m cos

(
θ + 2π

3 − ϕ
)
.

(15)

By means of trigonometric functions, the extreme values of
(15) are obtained as

⎧
⎪⎨

⎪⎩

(3/4)m ≤ v′
a ref ≤ (

√
3/2)m

−(
√

3/2)m ≤ v′
b ref ≤ −(3/4)m

−(3/4)m ≤ v′
c ref ≤ (3/2)m sin ϕ.

(16)

After substituting (14) into (16), the inequalities of the aver-
age duty can be given by

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(3/4)m+k
1+k ≤ da ≤ (

√
3/2)m+k

1+k

−(
√

3/2)m+k
1−k + 1 ≤ db ≤ −(3/4)m+k

1−k + 1
−(3/4)m+k

1−k + 1 ≤ dc ≤ (3/2)m sin ϕ+k
1−k + 1.

(17)

Owing to ϕ and k, average duties in inequalities (17) could be
driven out of [0, 1] when abnormal intervals appear. Therefore,
to ensure the normal operation of the Vienna rectifier, the fol-
lowing constraint should be met for (17) (refer to the Appendix
for details):

|k| ≤ 3
4
m. (18)

Different from da and db , an additional constraint given as
follows for dc should be met at the same time:

k ≤ −3
2
m sin ϕ. (19)

When ϕ � θ � π/6, v′
a ref, v′

b ref, and v′
c ref are expressed by

⎧
⎪⎨

⎪⎩

v′
a ref = (

√
3/2)m sin

(
θ + π

3 − ϕ
)

v′
b ref = (3/2)m cos

(
θ − 2π

3 − ϕ
)

v′
c ref = −(

√
3/2)m sin

(
θ + π

3 − ϕ
)
.

(20)
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Fig. 8. Mechanism of abnormal intervals for identification in sector I when
m = 0.8 and ϕ = 6◦. (a) Three-phase reference signals before modification of
k. (b) Three-phase reference signals after modification of k. (c) Average duties
with identification of abnormal intervals.

Depending on the same algebraic manipulation, the extreme
values of (20) are obtained as

⎧
⎪⎪⎨

⎪⎪⎩

3
4 m ≤ v′

a ref ≤
√

3
2 m cos ϕ

− 3
4 m ≤ v′

b ref ≤ 3
2 m sin ϕ

−
√

3
2 m cos ϕ ≤ v′

c ref ≤ − 3
4 m.

(21)

After substituting (20) into (21), the inequalities of the aver-
age duty can be given by

⎧
⎪⎪⎨

⎪⎪⎩

(3/4)m+k
1+k ≤ da ≤ (

√
3/2)m cos ϕ+k

1+k

−(3/4)m+k
1−k + 1 ≤ db ≤ (3/2)m sin ϕ+k

1−k + 1
−(

√
3/2)m cos ϕ+k

1−k + 1 ≤ dc ≤ −(3/4)m+k
1−k + 1.

(22)

Comparing with the situation of –π/6 � θ � ϕ, an additional
constraint given as follows for db should be met by adopting the
similar method as presented in the Appendix:

k ≥ 3
2
m sin ϕ. (23)

For the operation of the Vienna rectifier, m and k should agree
with the requirement of (18) always. When breaking the addi-
tional constraints (19) and (23), the identification of abnormal
intervals is only based on dc and db in sector I. For example,
three-phase reference signals (v′

a ref, v′
b ref, v′

c ref) before and af-
ter modification of k (0.2) are shown in Fig. 8(a) and (b) when
m = 0.8 and ϕ = 6◦. The average duties calculated by (13) are
presented in Fig. 8(c).

Assuming the angle of the reference vector during the P_A
state caused by k is denoted as λ in the interval of an orange
block in Fig. 8. θ including ϕ and λ can be calculated by (24)

TABLE III
THREE-PHASE DUTY EQUATIONS FOR EACH SECTOR

Sector Duty equations Sector Duty equations

I

⎧
⎪⎨

⎪⎩

da = v a r e f + v o + k
1+ k

db = 1 + v b r e f + v o + k
1−k

dc = 1 + v c r e f + v o + k
1−k

IV

⎧
⎪⎨

⎪⎩

da = 1 + v a r e f + v o + k
1−k

db = v b r e f + v o + k
1+ k

dc = v c r e f + v o + k
1+ k

II

⎧
⎪⎨

⎪⎩

da = v a r e f + v o + k
1+ k

db = v b r e f + v o + k
1+ k

dc = 1 + v c r e f + v o + k
1−k

V

⎧
⎪⎨

⎪⎩

da = 1 + v a r e f + v o + k
1−k

db = 1 + v b r e f + v o + k
1−k

dc = v c r e f + v o + k
1+ k

III

⎧
⎪⎨

⎪⎩

da = 1 + v a r e f + v o + k
1−k

db = v b r e f + v o + k
1+ k

dc = 1 + v c r e f + v o + k
1−k

VI

⎧
⎪⎨

⎪⎩

da = v a r e f + v o + k
1+ k

db = 1 + v b r e f + v o + k
1−k

dc = v c r e f + v o + k
1+ k

when (v′
c ref + k)/(1 – k) = 0. Thus, λ in the interval of the

orange block is given by (25) as follows:
3
2 m cos

(
θ + 2π

3 − ϕ
)

+ k

1 − k
= 0 (24)

λ = θ − ϕ = arccos
(

− 2k

3m

)

− 2π

3
. (25)

Similarly, the angle of the reference vector during the P_B
state is denoted as ε. It illustrates the difference between π/6 and
θ. θ can be calculated by (26) when (v′

b ref + k)/(1 – k) = 0.
Therefore, ε in the interval of the orange block named the P_B
state is given by (27) as follows:

3
2 m cos

(
θ − 2π

3 − ϕ
)

+ k

1 − k
= 0 (26)

ε =
π

6
− θ = − arccos

(

− 2k

3m

)

− π

2
− ϕ. (27)

Based on distinguishing abnormal intervals caused by ϕ and
k, identification leads to complicated online calculations of
trigonometric functions. However, the abnormal intervals are
unchanged by duty equations, as shown in Fig. 8(b) and (c).
Comparing dc and db calculated by (13) with 1, it is an easy
way to identify the abnormal intervals in sector I. The above-
mentioned analysis can be also extended to the other sectors.
The three-phase duty equations for all six sectors are listed in
Table III.

To illustrate the validity of analysis for abnormal intervals, the
average duties and actual reference signals under the influence
of different unbalanced factors are illustrated in Figs. 9 and 10.
For example, when m = 0.8, ϕ = 6◦, the range of k must meet
the following –0.6 < k < 0.6 according to constraint (18). The
range of k is divided into three parts including [–0.6, –0.12],
[–0.12, 0.12], and [0.12, 0.6] according to the constraints (19)
and (23).

When k located in the range of [–0.12, 0.12] is equal to zero,
the average duties and actual reference signals are presented
in the top and bottom of Fig. 9, respectively. Obviously, six
abnormal intervals including three P states and three N states
appear. In detail, dc is forced to be 1 due to lagging angle ϕ
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Fig. 9. Average duties and actual reference signals with k = 0.

in subsector 1. For the same reason, db is forced to be 0 in
subsector 3.

When k � 0, in the case of k = 0.05, k is in the range of
[–0.12, 0.12]. As shown in Fig. 10(a), three P states and three
N states still exist in every sector interval as the same as the
situation when k = 0. Three abnormal intervals denoted as P
states are increased by the orange interval, while the other three
abnormal intervals (N states) are decreased comparing the ab-
normal intervals (N states) in Fig. 9. In detail, dc is forced to be
1 because k = 0.05 and ϕ = 6◦. In the adverse case, as shown
in Fig. 10(b), three abnormal intervals denoted as N states are
increased by blue shadows, while the other three abnormal in-
tervals (P states) are decreased. As a result, the identification of
abnormal intervals in these two cases is easy by comparing dc

with 1 in sector I.
As the degree of unbalanced dc-link voltages increases, an-

other two different situations are shown in Fig. 10(c) and (d).
In the case of k = 0.2, k is in the range of [0.12, 0.6]. Com-
paring with Fig. 10(a), it can be seen that six P states without
N states exist. With the increase of k, the abnormal interval in
sector II disappears. However, an additional abnormal interval
defined as the P_B state comes out in sector I except for the
P_A state. It means that additional constraint (22) is unsatisfied
when k = 0.2. The appearance of the P_B state is the same as
the analysis in slant and asymmetrical space vector diagrams.
For this situation, the abnormal intervals should be identified
by results of dc > 1 and db > 1 simultaneously in sector I. In
an opposing case presented in Fig. 10(d), six N states without
P states exist when k = –0.2. The abnormal intervals should be
identified by results of db < 0 and da < 0 simultaneously in
sector II. As a result, this identification contains all situations
shown in Figs. 9 and 10. In addition, the application of this iden-
tification is easy without detecting the position of the reference
vector in the slant and asymmetrical space vector diagrams to
reduce the calculation time.

B. Calculation of Compensation Components

After average duties limitation, one of three-phase actual ref-
erence waveforms shown in Fig. 10 is clamped to zero in abnor-
mal intervals. It can be seen that information of the reference
vector is incomplete, which is the main reason of current distor-

tion. Nevertheless, average duties can be manipulated handily
after identification of abnormal intervals as established earlier.
For instance, when 0 < k < 1 in sector I, the average duty dc ,
which is clamped to 1 during the P_A state, can be unchanged
owing to the operational requirement of the Vienna rectifier. It
means that the compensation component dc com obtained by the
following equation is added to dc in the abnormal interval:

dc com = −(dc − 1). (28)

Using the proposed zero-sequence component injection
method, other two compensation components da com and db com
should be added to da and db correspondingly. In view of the
space vector diagram, only [OOO], [POO], and [ONO] can be
used to synthesize the output voltage vector when the reference
vector

−−→
Vref locates in the P_A state. Therefore, the three-phase

modified average duties (Da , db , and dc ) for the Vienna rectifier
are expressed as

⎧
⎪⎨

⎪⎩

Da = da + da com

Db = db + db com

Dc = dc + dc com .

(29)

Based on the injection mechanism of the zero-sequence com-
ponent, three components should be the same when k = 0 in
sector I. It is worth highlighting that da com , db com , and dc com
are not equal to each other because the dc-link voltage is unbal-
anced. The compensation component db com expressed by the
following equation is equal to dc com when reference signals
have the same signs in the P state:

db com = −(dc − 1). (30)

When the signs of reference signals are different, da com can
be calculated by the following equation without breaking the
volt-second balance principle by appropriately adjusting a trans-
formation coefficient

da com = −(dc − 1)
1 − k

1 + k
. (31)

In the other way, calculation of compensation components
needs a reciprocal coefficient in N states. For the convenience
of analysis, T1 and T2 obtained by the following equations are
defined as transformation coefficients for P states and N states,
respectively

T1 =
1 − k

1 + k
(32)

T2 =
1 + k

1 − k
. (33)

Depending on the unbalanced factor, three compensation
components are calculated in real time. Theoretically, the pro-
posed method has more accurate performance in steady or
transient states regardless of balanced or unbalanced dc-link
voltages. In the proposed zero-sequence component injection
method, the identifications of abnormal intervals and compen-
sation components for all regions are listed in Table IV.

For example, three compensation components (da com ,
db com , and dc com ) and actual reference signals after compen-
sations (v′

a act , v′
b act , and v′

c act) are shown in Fig. 11. Six P
states can be identified in Fig. 11(a) using the proposed method
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Fig. 10. Average duties and actual reference signals with lagging phase angle ϕ = 6◦ for (a) k = 0.05, (b) k = −0.05, (c) k = 0.2, and (d) k = –0.2.

TABLE IV
IDENTIFICATION OF ABNORMAL INTERVAL AND COMPENSATION COMPONENTS

Sector Compensating condition Region dx com Compensation Component

I dc > 1 P_A da com −(dc − 1)∗T1
db com −(dc − 1)
dc com −(dc − 1)

db > 1 P_B da com −(db − 1)∗T1
db com −(db − 1)
dc com −(db − 1)

II db < 0 N_A da com −db

db com −db

dc com d∗b T2
da < 0 N_B da com −da

db com −da

dc com −d∗a T2

III da > 1 P_C da com −(da − 1)
db com −(da − 1)∗T1
dc com −(da − 1)

dc > 1 P_D da com −(dc − 1)
db com −(dc − 1)∗T1
dc com −(dc − 1)

IV dc < 0 N_C da com −d∗c T2
db com −dc

dc com −dc

db < 0 N_D da com −d∗b T2
db com −db

dc com −db

V db > 1 P_E da com −(db − 1)
db com −(db − 1)
dc com −(db − 1)∗T1

da > 1 P_F da com −(da − 1)
db com −(da − 1)
dc com (da − 1)∗T1

VI da < 0 N_E da com −da

db com da
∗T2

dc com −da

dc < 0 N_F da com −dc

db com −d∗c T2
dc com −dc

when m = 0.8 and k = 0.2. On the contrary, six N states are pre-
sented in Fig. 11(b) using the proposed method when k = −0.2.
In another way, only three P states and three N states appear if
the absolute value of the unbalanced factor k reduces to 0.05 in
Fig. 11(c). Comparing three compensation components (da com ,
db com , and dc com ) in the top of Fig. 11(a) at 0.004 s, da com is
smaller than db com during the P_A state. Likewise, the three-
phase compensation components are unequal to each other dur-
ing other five P states. In the opposing case, T2 is applied to
calculate compensation components during N states.

After compensations, three average duties are modified in the
abnormal interval to meet the operational requirements of Vi-
enna rectifier and volt-second balance principle based on the in-
jection mechanism of the zero-sequence component. Depending
on the actual reference signals shown in the bottom of Fig. 11,
the achievable condition of adding compensation components
to the three-phase average duties is that there must be enough
headroom. It is a compromise between compensation and mod-
ulation range, which is used to reduce the dc-link voltage.

On this account, the high dc-link voltage utilization is the
main limitation for practical applications. The entire block
diagram of the proposed zero-sequence component injection
method of the Vienna rectifier for current harmonic mitigation
is shown in Fig. 12.

Being different from the traditional zero-sequence component
injection method in Fig. 4, gray blocks in Fig. 12 identify the
abnormal interval and add compensation components to average
duties. The range of the abnormal interval and the values of
compensation components are calculated in real time. After that,
the switching signals are obtained by a single carrier to drive the
bidirectional switches. As a nongenerative-boost type rectifier,
the Vienna rectifier is commonly used in a dc power supply
system including ac–dc and buck-type dc–dc stage (which is
mainly seen in on-board or off-board charger for the electric
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Fig. 11. Three-phase compensation components and actual reference signals
using the proposed method with m = 0.8. (a) k = 0.2. (b) k = –0.2. (c) k = 0.05.

vehicle). In this case, the dc-link voltage could be set at a higher
voltage level. Furthermore, using the zero-sequence component
injection modulation, the available modulation range is extended
to 1.15. As a result, the proposed method keeps more margin of
headroom for the compensation component.

IV. SIMULATION AND EXPERIMENTAL RESULTS

To verify the performance of the proposed zero-sequence
component injection method, both simulations and experiments
are conducted to compare with two types of traditional methods.
For the one type, the zero-sequence component injection mod-

Fig. 12. Block diagram of the proposed zero-sequence component injection
method of the Vienna rectifier.

TABLE V
PARAMETERS FOR SIMULATION AND EXPERIMENT

Parameter Simulation values Experiment values

Line voltage eab , eb c , eca 380 V [rms] 380 V [rms]
DC-link voltage 700 V 700 V
DC-link capacitor 3300 μF 2200 μF
DC loads R1 = R2 = 35 Ω R1 = R2 = 50 Ω
Peak current 20 A 9 A
L-filter 6 mH 3 mH
Switching frequency 10 kHz 10 kHz
Sampling time Ts 100 μs 100 μs

ulation method bases on the unbalanced factor without com-
pensations, which is denoted as traditional method 1. For the
other type, traditional method 2 proposed in the literature [12]
contains compensations neglecting the unbalanced factor. The
parameters for the simulation and experiment in this paper are
shown in Table V.

A. Simulation Results Analysis

In the simulation, the Vienna rectifier works with dual dc
loads using the traditional zero-sequence component injection
method. Its simulation waveforms of line voltage, two dc-link
voltages, input currents, and dc loads currents are shown in
Fig. 13.

At first, two balanced dc-link voltages are controlled (V1 =
V2 = 350 V) during the range of time [0, 0.04 s] in Fig. 13(a)
and (b). It can be seen that light distortions of current appear
around the zero-crossing point. When two unbalanced dc-link
voltages (V1 = 400 V, V2 = 300 V) are controlled during the
range of time [0.04 s, 0.08 s], the currents are distorted even
worse in the abnormal interval in Fig. 13(a). The input currents
are disturbed in the corresponding opposing abnormal interval.
Current distortions exist in the operation of the Vienna rectifier
using traditional method 1 when dc-link voltages are balanced
and unbalanced. Using traditional method 2, two unbalanced
dc-link voltages (V1 = 400 V, V2 = 300 V) are controlled dur-
ing the range of time [0.04 s, 0.08 s] as shown in Fig. 13(b).
Though there are no current distortions using compensations
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Fig. 13. Waveforms of the Vienna rectifier with dual dc loads using the tra-
ditional method from k = 0 to 0 < k < 1. (a) Using traditional method 1.
(b) Using traditional method 2.

Fig. 14. Performance comparison of traditional method 1 and proposed
method when dc-link voltages are balanced.

with balanced dc-link voltages, the input currents contain low-
order harmonics when unbalanced dc-link voltages occur.

In order to suppress harmonics of input currents, a novel zero-
sequence component injection method proposed in this paper is
employed by modifying the average duty. Simulation waveforms
of the harmonic mitigation are presented in Fig. 14 when two
dc-link voltages are balanced.

Traditional zero-sequence component injection method 1 is
used for the Vienna rectifier during simulation time [0, 0.05 s].
It is seen that distortions of input currents exist in every 60°,
especially around zero-crossing points. The proposed zero-
sequence component injection method is utilized in the sim-

Fig. 15. Performance comparison of two traditional methods and proposed
method when dc-link voltages are unbalanced. (a) V1 is higher than V2 . (b) V1
is lower than V2 .

ulation system during [0.05 s, 0.1 s]. Compensations are added
to average duties for mitigating these distortions. Three-phase
reference signals (v′

a ref , v′
b ref , v′

c ref ) using traditional method
1 and proposed zero-sequence component injection method are
presented in Fig. 14. It can be seen that a reference signal is
clamped to zero around the zero-crossing point and the other
two are compensated in the abnormal interval using the proposed
zero-sequence component injection method.

The input currents are clean and sinusoidal in phase with the
source voltages through adjusting the average duty. Total har-
monic distortion (THD) of the input current for the Vienna rec-
tifier decreases from 3.89% to 1.89% using the proposed zero-
sequence component injection method. The performance of the
proposed method is the same as that of traditional method 2 un-
der the balanced dc-link voltages. However, traditional method
2 is incapable of handling the low-order harmonics distortion
when the imbalance occurs. Therefore, simulations verify the
performance of the proposed method comparing with two types
of traditional methods in two cases where dc-link voltages are
unequal, as shown in Fig. 15.

Case one: when V1 (400 V) is higher than V2 (300 V), the
line voltage, input currents, and reference signals are shown in
Fig. 15(a). Hence, unbalanced factor k is increased to 0.143.
It is obvious that the input currents of the Vienna rectifier are
seriously distorted around the zero-crossing point by the unbal-
anced factor using traditional method 1. The current THD is
10.02%. As stated previously, P states brought out input cur-
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Fig. 16. Photograph of the experimental platform.

rent harmonic of the Vienna rectifier in sectors I, III, and V.
Low harmonic (THD = 2.21%) can be achieved by applying
the proposed zero-sequence component injection method during
[0.05 s, 0.1 s] in Fig. 15(a).

Case two: when V1 is lower than V2 (k = −0.14), the compar-
ison between traditional method 2 and proposed zero-sequence
component injection method is presented in Fig. 15(b). It can be
seen that input currents of the Vienna rectifier contain numerous
low-order harmonics (mainly consisting of second- and fourth-
order harmonics). As a result, the current THD is 6.7%. Using
the proposed zero-sequence component injection method, the
current distortions are mitigated significantly after 0.05 s. In the
end, the current THD is 2.14% after improvement.

B. Experimental Results Verification

To verify the performance of the proposed method, experi-
ments were performed in a prototype of T-type 3L converters, as
shown in Fig. 16. In this experiment setup, the upper and lower
switches for three phases in the T-type converter are OFF to oper-
ate as the Vienna rectifier. The power rating of the implemented
system is 20 kVA. The key parameters for the experiment are
shown in Table IV. The control system is dSPACE 1005 rapid
prototyping kit.

Fig. 17 shows the experimental waveforms of the Vienna rec-
tifier with traditional method 1 and proposed zero-sequence
component injection method when dc-link voltages are bal-
anced. The Vienna rectifier operates at unity power factor (pf).
Its line voltage and input current behave as typical five volt-
age level waveform and sinusoidal waveform in Fig. 17(a) and
(b). As shown in Fig. 17, the amplitudes of currents are about
9 A. Due to the filter impedance, it is obvious that there are
some distortions of input currents around zero-crossing points.
Comparing Fig. 17(c) and (d), the current distortions are elim-
inated significantly using the proposed zero-sequence compo-
nent injection method.

Fig. 18 shows two dc-link voltages, one-phase actual refer-
ence signal, and input current of the Vienna rectifier when both
two dc-link voltages are equal to 350 V. The phase current is
distorted when the reference signal is not modified using the tra-

Fig. 17. Experiment waveforms of the Vienna rectifier when dc-link voltages
are balanced. (a) Operation at a unity power factor using traditional method 1.
(b) Operation at a unity power factor using the proposed method. (c) Distortion
of the input current using traditional method 1. (d) No distortion of the input
current using the proposed method.

Fig. 18. Experiment waveforms when dc-link voltages are balanced V1 =
V2 = 350 V. (a) Comparison between traditional method 1 and proposed
method. (b) One-phase actual reference signal in detail.

ditional zero-sequence component injection method. With the
proposed method being employed, the reference signal is mod-
ified, as shown in Fig. 18(a), and the harmonic performance of
the input current is improved distinctly. The actual reference
signal is presented in detail in Fig. 18(b).

Comparing with traditional method 1, Fig. 19 shows a com-
parison of the input phase currents and reference signal before
and after the application of the proposed method. Similar to the
simulation, unbalanced dc-link voltages are divided into two
cases. Case one: the upper dc-link voltage (V1 = 380 V or V1 =
425 V) is higher than lower one (V2 = 320 V or V2 = 275 V).
Case two: the upper dc-link voltage (V1 = 320 V or V1 = 275 V)
is lower than the other (V2 = 380 V or V2 = 425 V). Fig. 19(a)
shows the comparison in case one under a light imbalance.
Fig. 19(b) shows the comparison in case one under a heavy im-
balance. On the other case, the power quality of input currents
is significantly improved, as shown in Fig. 19(c) and (d). Com-
paring the waveforms in two cases, the line voltage is adjusted
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Fig. 19. Comparison of experiment results between traditional method 1 and
proposed zero-sequence component injection method when two dc-link voltages
are unbalanced. (a) Case one with a light imbalance. (b) Case one with a heavy
imbalance. (c) Case two with a light imbalance. (d) Case two with a heavy
imbalance.

Fig. 20. Performance of the proposed method comparing with traditional
method 2 when two dc-link voltages are unbalanced. (a) Using traditional
method 2 in case one. (b) Comparison proposed method with traditional
method 2 in case one. (c) Using traditional method 2 in case two. (d) Com-
parison proposed method with traditional method 2 in case two.

to maintain grid currents behavior as sinusoidal waveforms ac-
cording to the unbalanced factor.

Fig. 20 shows the comparison of experiment results be-
tween traditional method 2 and proposed zero-sequence com-
ponent injection method when two dc-link voltages are unbal-
anced. The current distortion around the zero-crossing point has
been solved by compensation using traditional method 2. How-
ever, low-order harmonics distortions remain still, as shown

TABLE VI
THD COMPARISON OF THREE DIFFERENT METHODS

DC-link
voltages

V1 = V2
= 350 V

V1 = 380 V,
V2 = 320 V

V1 = 425 V,
V2 = 275 V

V1 = 320 V,
V2 = 380 V

V1 = 275 V,
V2 = 425 V

Traditional
method 1

4.3% 6.1% 12.0% 6.2% 11.6%

Traditional
method 2

1.1% 5.3% 7.2% 5.4% 7.5%

Proposed
method

1.1% 1.2% 1.4% 1.3% 1.4%

Fig. 21. Performance of the proposed method for the NP voltage balancing
control. (a) ΔV is regulated at 0 V from 80 V using the traditional method.
(b) ΔV is regulated at 0 V from –80 V using the traditional method. (c) ΔV is
regulated at 0 V from 80 V using the proposed method. (d) ΔV is regulated at
0 V from –80 V using the proposed method.

in Fig. 20(a) and (c). Comparing with traditional method 2,
the proposed method has the capability to mitigate the low-
order harmonics of the input current for the Vienna rectifier
when the imbalance occurs. Hence, the distortions in input
currents are practically mitigated using the proposed method.
Table VI shows the THD comparison of the assumed three
methods.

To verify the performance for current harmonic mitigation
in the transient state of dc-link voltages, the Vienna rectifier
operates with the proposed zero-sequence component injection
method. Transient response of unbalanced dc-link voltages for
the Vienna rectifier as well as one-phase current and line-to-line
voltage is presented in Fig. 21.

As shown in Fig. 21(a) and (b), it can be seen that the reg-
ulation of unbalanced dc-link voltages is realized by setting
ΔVref . Comparing with balanced dc-link voltages, the wave-
form of the input current of the Vienna rectifier contains more
serious distortion around the zero-crossing point caused by un-
balanced factor and lagging angle using traditional method 1.
Two dc-link voltages shown in Fig. 21(c) and (d) are con-
trolled accurately and the same as that in Fig. 21(a) and (b).
In the conclusion, the proposed method has no influence on
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the control of the neutral-point voltage balance. Furthermore,
there is no distortion in input current when dc-link voltages
are balanced or unbalanced for steady-state and transient op-
eration using the proposed zero-sequence component injection
method.

V. CONCLUSION

This paper proposes a novel zero-sequence component injec-
tion method to mitigate the input current distortion of the Vi-
enna rectifier with balanced or unbalanced dc-link voltages. A
detailed model of the Vienna rectifier is presented to explain the
generation mechanism of the current distortion. For industrial
application, the proposed method simplifies the identification
of the abnormal interval without complicated calculation in a
slant and asymmetrical space vector diagram. Due to lagging
angle and unbalanced factor, these abnormal intervals are de-
cided once by comparing the average duties with 0 or 1. Besides,
the average duties are modified by adding the compensations in
the abnormal interval where current distortions occur. Based
on the unbalanced factor, three compensation components for
three-phase average duties are unequal to each other and first
analyzed quantitatively. In the two-stage system including ac–
dc stage and buck-type dc–dc stage, it is recommended to use
700 V or higher voltage level as the dc-link voltage, which has
at least 30% margin of headroom to be able to add compensa-
tion components to improve the performance of the proposed
method. Moreover, theoretical analysis and experimental veri-
fication demonstrate the performance of the proposed method.
The current harmonics of the Vienna rectifier are mitigated sig-
nificantly in steady and transient states of dc-link voltages. In
addition, the proposed method has no effect on the control of
the neutral-point voltage balance.

APPENDIX

This Appendix presents the derivation of inequality (18)
and (19).

Based on the inequality (17), the maximal and minimal val-
ues of dx (x = a, b, and c) are defined as dx max and dx min ,
respectively. They can be expressed as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

da max =
√

3
2 m+k

1+k

da min =
3
4 m+k

1+k

db max = − 3
4 m+k

1−k + 1

db min = −
√

3
2 m+k

1−k + 1

dc max =
3
2 m sin ϕ+k

1−k + 1

dc min = − 3
4 m+k

1−k + 1

. (A-1)

According to (A-1), the existing conditions of k and m to
ensure all three-phase average duties (da , db , and dc ) in the
range of [0, 1] are as follows:

⎧
⎨

⎩

0 ≤ da ≤ 1
0 ≤ db ≤ 1
0 ≤ dc ≤ 1

. (A-2)

Because k is in the range of (–1, 1), both (1 + k) and
(1 – k) are larger than zero. Thus, the following equation is
obtained easily for da max � 1 and db min � 0:

√
3

2
m ≤ 1. (A-3)

For dc max � 1, the following equation should be satisfied as
well:

−3
4
m + 1 ≥ 0. (A-4)

Using zero-sequence component injection modulation, it is
found that the inequalities (A-2)–(A-4) are always satisfied,
because m is in the range of [0, 2/

√
3]. In the same way, the fol-

lowing equations should be satisfied for da min � 0 and db max
� 1, respectively:

k ≥ −3
4
m (A-5)

k ≤ 3
4
m. (A-6)

By incorporating (A-5) and (A-6), inequality (18) can be
obtained. In specific, the inequality (19) can be easily attained
for dc min � 0.
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