
0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2890715, IEEE
Transactions on Power Electronics

 1

 

1
Abstract—This study proposes a generalized design framework 

for three phase Vienna rectifiers to handle the neutral point 

voltage balance issue. On the basis of the design framework, it is 

convenient to construct various neutral point voltage balancing 

methods with the guarantee of stability. As demonstration, three 

representative neutral point voltage balance approaches are 

presented by choosing different zero sequence voltages. A 

comprehensive comparison among the three approaches are given 

in the aspects of input current quality, capacitor voltage 

fluctuation, and system efficiency. The comparison results provide 

a guidance for constructing the most appropriate approach based 

on the specific requirement. Finally, simulation and experimental 

results verify the correctness and effectiveness of the presented 

approaches and the related performance analysis. 

 

Index Terms—Vienna converter, carrier-based PWM, neutral 

point voltage balance.  

I. INTRODUCTION 

Three phase Vienna rectifier has attracted much attention 

due to its advantages of low cost, low current total harmonic 

distortion (THD), low device voltage stress, high power density, 

and high efficiency [1]-[3]. Thus, it is widely used in 

telecommunications systems, aircraft and wind turbine systems 

and other areas [1], [4]-[7]. 

The Vienna rectifier is essentially a non-regenerative three 

level boost converter. In recent years, the related research 

mainly involves control methods and modulation strategies. 

There have been a lot of control schemes for the Vienna 

rectifier. In [1], a hysteresis current control method is proposed 

to regulate the input currents of Vienna rectifiers. The 

advantages of the hysteresis control are that it is robust and the 

complicated modulation strategy can be omitted. In [8], 

proportional-integral (PI) controllers are used based on the 

 
Manuscript received August 20, 2018; revised November 8, 2018; accepted 

for publication December 20, 2018. This work was supported by National 

Natural Science Foundation of China under Grant 51607063 and 61622311, the 

National Key Research and Development Program of China under Grant 
2016YFF0203400, the Project of Innovation-driven Plan in Central South 

University under Grant 2019CX003, Fundamental Research Funds for the 

Central Universities and China Scholarship Council Funds.(Corresponding 
author: Yao Sun) 

X. Li, J. Han and S. Huang are with the College of Electrical and Information 

Engineering Hunan University, Changsha 410082, China (E-mail: 
lxhnu@hnu.edu.cn, 2285041707@qq.com, hsd1962@hnu.edu.cn). 

Y. Sun, M. Su, J. Lin and S. Xie are with the School of Information Science 

and Engineering, Central South University, Changsha 410083, China (e-mail: 
yaosuncsu@gmail.com, sumeicsu@csu.edu.cn, 397078833@qq.com, 

shimingxie@csu.edu.cn). 

average d-q model of the Vienna rectifier, and a new 

multiple-input multiple-output linear control scheme is 

proposed in [9] based on the small signal model of Vienna 

rectifiers. To improve dynamic performance, a basic one cycle 

control (OCC) strategy is proposed in [10]. However, the 

utilization ratio of the dc-link voltage is low. Then, an 

improved OCC control scheme is presented, which improves 

the dc-link voltage utilization and efficiency [11]. To reduce 

the costs, a voltage sensor-less control is introduced for the 

Vienna rectifier [12], in which the grid voltage is estimated by 

an observer. On the other hand, a current sensor-less control 

scheme is presented in [13]. Besides, a direct power control 

scheme based on sliding mode control is proposed to improve 

the dynamic response and robustness [14]. In the cases of 

unbalanced power supplies, a control scheme based on positive 

and negative sequence decomposition is introduced, which 

eliminates the dc-link voltage ripples [15]-[16]. 

Additionally, various modulation methods have been 

proposed for Vienna rectifiers. They can mainly be divided into 

two categories: space vector modulation (SVM) and 

carrier-based pulse width modulation (PWM) methods. In 

[17]-[18], the basic SVM approaches for the three phase 

Vienna rectifier are investigated, and a discontinuous SVM 

method is proposed in [19] to reduce power losses. According 

to [20], there always exists a carrier-based PWM that is 

equivalent to its corresponding SVM in three phase voltage 

source inverters. The equivalence of SVM and carrier-based 

PWM is studied in detail for the Vienna rectifier [21]. On the 

basis of the equivalence, a carrier-based PWM algorithm is 

proposed in [22]. To enhance efficiency and accommodate 

variable power factor operation, a discontinuous carrier-based 

PWM method is presented [23]-[24]. 

Due to the characteristics of three-level power converters, 

neutral point voltage balance control is very essential in Vienna 

rectifiers. Unbalanced neutral point voltages will change the 

voltage stress on the switching devices and degrade the system 

performance. In SVM, the neutral point voltage balance is 

usually realized by adjusting the dwell time of the redundant 

short vectors [21]-[22], [25]. The dwell time ratio of the 

redundant vectors is determined by a PI or proportional 

controller. However, the design and stability of the neutral 

point voltage balance controller is not introduced in detail. On 

the other hand, the neutral point voltage balance is realized by 

regulating the zero sequence signals [21]-[22] in carrier 

based-PWM schemes. The principle to maintain the neutral 

point voltage balance in the framework of carrier based-PWM 

is discussed intensively [8]. And the method could effectively 
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eliminate neutral point voltage fluctuation. Based on the same 

principle, a hybrid control is proposed to suppress the 

third-harmonic component in the neutral point voltage [26]. On 

the basis of the equivalence of SVM and carrier-based PWM, a 

carrier-based PWM method with neutral point voltage balance 

is presented in [22]. A discontinuous carrier-based PWM with 

neutral point voltage balance is proposed and the performance 

evaluation is carried out in [23], [27]. Besides, there are some 

other neutral point voltage balance methods. For instance, in 

the hysteresis control [1], [28], a zero sequence current 

generated by a PI controller is added to the input current 

reference for neutral point voltage balance. Recently, a finite 

set model predictive control for Vienna rectifiers is presented in 

[29]. The neutral point voltage balance is realized by imposing 

the capacitor voltage error into the cost functions. 

Though many neutral point voltage balance methods have 

been proposed, most of them lack the systematic design and 

in-depth stability analysis. In this study, a generalized design 

framework is presented to maintain neutral point voltage 

balance for Vienna rectifiers. The other contributions of this 

study include: 1) based on the design framework, various 

neutral point voltage balancing methods can be constructed 

conveniently; 2) as demonstration, three representative neutral 

point balance approaches are presented under the proposed 

design framework; 3) the performance of the three approaches 

are analyzed and compared in terms of input current quality, 

capacitor voltage fluctuation and operating efficiency; 4) the 

stability of the three approaches have been proven, and it is 

found that approach I is stable in the common sense, approach 

II and III are stable in the average sense, while the stability of 

approach III belongs to input-to-state stability; 5) neutral point 

voltage self-balancing can be achieved without adding extra 

feedback control actions under the proposed approaches. 

The remainder of this paper is organized as follows. Section 

II presents the system model of the three-phase Vienna rectifier. 

Then, the carrier-based PWM strategy is described in Section 

III. In Section IV, the proposed design framework for neutral 

point voltage balance is introduced in detail, as well as the three 

approaches derived from the framework. In Section V, the 

performance analysis among these approaches is described. In 

Section VI, the simulation and experimental results are 

presented and discussed, and finally, the main points of this 

paper are summarized in Section VII. 

II. MODELING OF THREE-PHASE VIENNA RECTIFIER 
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Fig. 1 Circuit topology of the three-phase Vienna rectifier. 

Fig. 1 shows the circuit configuration of three-phase Vienna 

rectifier, which is composed of a three-phase diode bridge and 

three bidirectional switches connecting the input phases to the 

dc-link neutral point. Besides, two split capacitors are located at 

the dc-link. According to Fig. 1, an equivalent circuit of the 

three-phase Vienna rectifier is shown in Fig. 2. 
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Fig. 2 Equivalent circuit of the three-phase Vienna rectifier. 

Denote 
xS  as the switching state of the bidirectional switch 

xT  in Fig. 1, and { }, ,x a b c∈ . 1xS =  means the switch is on; 

0xS =  means the switch is off. 

The input current dynamics are given as  

a
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di

sa andt

di
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di

sc cndt

L u u

L u u

L u u

 = −

 = −


= −

                                 (1) 

where L  is the filter inductance. sxu  and xi  are the source 

voltages and phase currents, respectively. xnu  are the input 

voltages (referred to the ac neutral point n), which could be  

an ao no

bn bo no

cn co no

u u u

u u u

u u u

= −
 = −
 = −

                                  (2) 

In (2), nou  is the zero sequence voltage, and xou  are 

semi-controllable voltages (referred to the dc-link neutral point 

o). Due to the structural characteristics of the Vienna rectifier, 

xou  is determined not only by the status of the bidirectional 

switch, but also by the input current direction. Thus, it is called 

the semi-controllable voltage. For convenience, xou  could be 

expressed precisely in such a compact way as: 
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   (3) 

where sgn( )  is the sign function that is used to distinguish the 

input current directions. 
1Cu  and 

2Cu  represent the related 

voltages across the upper and lower capacitors, respectively. 

Note that 
xou  in (3) refers to the actual capacitor voltages, 

rather than the assumed capacitor voltages that equal to the half 

of the dc-link voltage. 

The dynamic equations of the two capacitors can be given 

as 

1

2

C

C
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dcdt
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dcdt
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+
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 = −


= −

                             (4) 
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where C  represents the capacitance of the two capacitors, and 

dci  is the load current. i+  and i−  are the currents through the 

positive and negative dc-bus, which can be formulated as 

( ){ }
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III.  CARRIER-BASED MODULATION STRATEGY FOR THE 

VIENNA RECTIFIER 

Assume that the source voltages and input currents are 

balanced and sinusoidal. Then, 
xnu  and 

xi  in the steady state 

could be expressed as 
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where ω  is the input angular frequency; mI  is the magnitude 

of xi ; iϕ  is the displacement angle between xnu  and xi , which 

is different from the input power factor angle sϕ  due to the 

input filtering inductor L . mU  is the magnitude of 
xnu , which 

can be determined by the known xi  and L . 

Take the average of both sides of (3) over a switching 

period, and then combine (2), the duty cycles xd  of the 

bidirectional switches can be given directly as 
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With the xH  in (3), the duty cycle calculations in (8) will use 

the actual capacitor voltages. 

In carrier-based PWM methods, it is essential to choose a 

proper zero sequence voltage 
nou  for enhancing dc-link voltage 

utilization. First, the feasible range of 
nou  could be determined. 

According to (2), the following inequalities can be obtained. 
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,min ,max

,min ,max

ao an no ao an ao an

bo bn no bo bn bo bn

co cn no co cn co cn

u u u u u u u

u u u u u u u

u u u u u u u

 − ≤ = − ≤ −


− ≤ = − ≤ −
 − ≤ = − ≤ −

          (9) 
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Then, the feasible range of nou  is expressed as follows. 

, ,,no no min no maxu u u ∈                             (10) 

where  

( ) ( ) ( )( )2 2 22
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, 2 2 2 2
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i u i u i uu

no min an bn cnu u u u= − + − − − , 
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i u i u i uu

no max an bn cnu u u u= + − − − . 

Clearly, the feasible range of 
nou  is related to the input 

current directions and capacitor voltages, which are 

time-varying. However, if , ,no min no maxu u≤ , there will always 

exist a zero-sequence voltage that makes the modulation 

strategy feasible. 

IV. PROPOSED DESIGN FRAMEWORK FOR NEUTRAL POINT 

VOLTAGE BALANCE 

Combine (4) and (5), and then consider the switching period 

average method, it leads to 

a a b b c c

du
C i i d i d i d i

dt

+ −= − = − − −
%

                   (11) 

where u%  is the error between capacitor voltages 1Cu  and 2Cu . 

After substituting (6)-(8) into (11), and performing some 

simplifications, (11) can then be formulated as  

( ) ( ), no

du
f t u J Nu Ku

dt
α α  = = + − 

%
% %                (12) 

where 

( )2 2

2=
dcC u u

α
− %

; 
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dc xn x
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=
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dc x
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N u i
=
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, ,

xn x
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K u i
=

= ∑ . 

In (12), dcu  is the dc-link voltage. Usually, 0dcu > , thus 

0N > . K can be rewritten as ( )3
2

cosm m iK U I ϕ= . Since iϕ  is 

confined within 
6 6

,π π −  , K  is always a positive constant. If 

u%  is small relative to dcu , then 
2

2 0
dcCu

α ≈ > . 

According to (12), the selection of nou  is critical to 

determine whether u%  can converge to zero, leading to neutral 

point voltage balance. In this study, a generalized design 

framework for neutral point voltage balance will be introduced, 

which mainly involves the selection of nou . 

Let nou  be divided into two parts, expressed as  

' ''
no no nou u u= +                               (13) 

In (13), 
'
nou  represents a feed-forward term, and ( )''

nou ku= %  

is a feedback term, where k  is an adjustable coefficient. Note 

that, if 0k = , the feedback term will be null. 



0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2890715, IEEE
Transactions on Power Electronics

 4

Substituting (13) into (12), it yields  

( ) ( ) ( )', no

du
f t u J Nu Nk K u

dt
α α  = = + + −

 
%

% %             (14) 

To verify the convergence of (14), the average theory [30] is 

considered. According to the averaging theory, let ( ),f t x  and 

its partial derivatives be continuous and bounded for 

( ) )0, ,t x t D∈ ∞ × , then, for the system ( ),x f t xε=&  ( ε  is a 

small positive value, and ( ),f t x  is T-periodic in t ), the 

solution ( )x t  can be approximated by the solution of an 

"averaged system" ( )avx f xε=& , where  

( ) ( )1

0
,

T

av T
f x f t x dt= ∫                         (15) 

Assume that dcu  has been well regulated by a dc voltage 

controller. By numerical calculations, it is easy to verify that 

both J and N in (14) are iT -periodic functions in t, where 

( )2
iT π

ω=  is the power source period. Thus, with a proper 

selection of 
'
nou , the ( ),f t u%  in (14) can be seen as a iT

-periodic function. 

As the positive parameter α  is relatively small, the 

averaging theory could be applied to (14). Then, the related 

"averaged system" can be derived as  
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%
%              (16) 

where u%  is the averaged voltage error and represents the 

solution of the "averaged system", and N  is the average value 

of N , as formulated in (17). 
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Observe (16), to guarantee the asymptotic stability, 
'
nou  and 

k  should meet the following conditions. 
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0
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∫                       (18) 

Moreover, based on the carrier-based modulation principle, 

nou  should be within the range , ,,no min no maxu u   . However, if 

the dc capacitances are large enough, the feedback term 
''
nou  

will be negligible or even be zero in the steady state. Then, it is 

practical to just ensure the feed-forward term 
'
nou  stays in the 

range. 

As a result, a generalized design framework for neutral 

voltage point balance can be summarized as follows: 
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With the proposed design framework, it is convenient to 

construct various neutral point voltage balance methods. Also, 

it  by selecting proper 
'
nou  and k . Such design framework 

combines the control system stability and carrier-based 

modulation principle, so both the dynamic and steady state 

performance are taken into account. It is worth noting that the 

selections of 
'
nou  and k  have different functions. More 

specifically, the coefficient k  that is contained in the feedback 

term 
''
nou  mainly determines the convergence rate of voltage 

error dynamic; while the feed-forward term 
'
nou  concerns the 

steady-state operating performance. 

With a qualified 
'
nou , k  should just meet 0Nk K− < . In 

particular, if 0k = , (16) can be simplified to 

du
Ku

dt
α= −

%
%                               (20) 

As seen, (20) is asymptotically stable, and the convergence 

rate of u%  is determined by Kα , which is related to the system 

parameters and can barely be adjusted. In other words, the 

neutral point voltage can be self-balanced despite the lack of 

feedback control actions. However, to speed up the 

convergence rate or enhance the neutral point voltage balance 

capability, a proper k  of less than zero will be more suitable. 

So far, only the ideal case is considered where there are no 

non-symmetric dc output currents in the Vienna rectifier. In the 

presence of permanent non-symmetric dc output currents, the 

feedback term 
''
nou  in (13) should be revised as 

''
no p iu k u k udt= + ∫% %  to maintain neutral point voltage balance, 

which is the output of a PI controller. To ensure the stability, 

both pk  and ik  are less than zero. 

With a proper k , the selection of 
'
nou  should be paid more 

attention. Because it embodies the most essential feature of 

neutral point voltage balancing methods. In the following 

subsections, three approaches to selecting 
'
nou  will be 

presented from different aspects. 

A. Approach I 

In approach I, let ' 0noJ Nu+ = , then, 
'

,no Iu  is  
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                      (21) 

In this case, the original voltage error dynamic (14) can be 

considered rather than the averaged system (16). Substituting 

(21) into (14), it leads to  

( )du
K Nk u

dt
α= − −

%
%                         (22) 

where the actual voltage error u%  can directly converge to zero, 

with a proper k . 

From the viewpoint of modulation, 
'

,no Iu  should be within 

, ,,no min no maxu u    to ensure the valid carrier-based PWM. By 
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analysis, 
'

,no Iu  can strictly satisfy 
'

, , ,no min no I no maxu u u≤ ≤  only 

at 0iϕ = ; while in other conditions, 
'

,no Iu  will be outside the 

range at certain time points. Such feature may affect input 

current quality, which will be discussed in the next section. 

Note that, this approach is similar to the feed-forward 

quantity of the control scheme in [8]. However, it assumed 

1 2C Cu u=  in [8] when modeling the system, and feedback 

control must be used. 

B. Approach II 

In approach II, 
'
nou  can take the intermediate value of the 

range (10), which is 

( )' 1
, ,2

+no no min no maxu u u=                         (23) 

where the 
'
nou  in (23) will be always within its feasible range. 

However, 
'
nou  in (23) will fail to ensure the neutral point 

voltage balance, when a large deviation occurs between the two 

capacitor voltages at 0k = . Then, a modified selection for 
'
nou  

is designed in approach II based on (23), as expressed in (24). 

( )' 1
, , ,2

c c
no II no min no maxu u u= +                       (24) 

where  
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, 2 2 2 2
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i u i u i uuc
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( ) ( ) ( )( )sgn sgn sgn

, 2 2 2 2
min , ,a C b C c CC

i u i u i uuc
no max an bn cnu u u u= + − − − , 

( )1
1 22C C Cu u u= + . 

Compare (23) with (24), the difference lies in that a 

fictitious Cu  in (24) is used to replace 1Cu  and 2Cu , and it 

equals to the average of the two. When the capacitor voltages 

are balanced, there will be little difference between (23) and 

(24). 

By numerical calculations, it can be verified that '
,no IIu  is 

iT -periodic, and  

( )'1
,

0
0

i

i

T

no IIT
J Nu dt+ =∫                        (25) 

Substituting (25) into the averaged system (16), it leads to  

( )du
K Nk u

dt
α= − −

%
%                            (26) 

As seen, the averaged form of (26) is very similar to (22). 

Here, the neutral point voltage balance in the average sense can 

be guaranteed with 
'

,no IIu . 

C. Approach III 

In addition to the continuous modulation, discontinuous 

carrier-based PWM strategy has the advantage of reducing 

switching loss, which can also be used in the three-phase 

Vienna rectifier. 

In approach III, 
'
nou  is designed by choosing its boundary 

values of the range, which is  

, , ,
'

,

, , ,

, if  
=

, if  

c c c
no min no min no max

no III
c c c
no max no min no max

u u u
u

u u u

 ≥


<

                (27) 

where ,
c
no minu  and ,

c
no maxu  are the same as in (24). In addition to 

(27), 
'
nou  can also be designed in other forms of discontinuous 

PWM, such as in (28). 

, , ,
'

,

, , ,

, if  
=

, if  

c c c
no max no min no max

no III
c c c
no min no min no max

u u u
u

u u u

 ≥


<

                 (28) 

After some manipulations with (27) or (28), it can be 

verified that the average values of 
'

,no IIIJ Nu+  are zero. 

Consider the averaging theory, the averaged system in 

approach III is the same as (26), by which the related stability 

can be verified with 
'

,no IIIu . 

However, by using (27) or (28), one of the bidirectional 

switches can retain on or off-state for one modulation period, 

only if the two capacitor voltages are strictly identical in the 

steady state. However, the averaging theory-based stability 

criteria can only ensure that the two capacitor voltages have the 

same average values, rather than the actual values. Thus, it is 

difficult to keep one of the switches being on or off for the 

entire switching period. In that case, the discontinuous 

carrier-based PWM cannot be fully accomplished. 

Therefore, in actual implementation process, 
'

,no IIIu  in (27) 

and (28) will be revised to (29) and (30), respectively. 

, , , ,

, , ,
'

,

, ,

, ,

, if and

, if and
=

, if and

, if and

c c c c
no min no min no max no min no,min

c c c
no,min no min no max no min no,min

r
no III

c c c c
no,max no min no max no,max no,max

c c c
no,max no min no max no,max no,m

u u u u u

u u u u u
u

u u u u u

u u u u u

β

β

β

≥ − >

≥ − ≤

< − >

< − ax β








 ≤


  (29) 

, , , ,

, , ,
'

,

, ,

, ,

, if and

, if and
=

, if and

, if and

c c c c
no max no min no max no min no,min

c c c
no,max no min no max no min no,min

r
no III

c c c c
no,min no min no max no,max no,max

c c c
no,min no min no max no,max no,m

u u u u u

u u u u u
u

u u u u u

u u u u u

β

β

β

≥ − >

≥ − ≤

< − >

< − ax β








 ≤


  (30) 

where β  is a small positive value, and is related to the 

capacitor voltage difference in the steady state. 

By comparisons, it is clear that 
' '

, ,
r

no III no IIIu u= + ∆ , and 

β∆ ≤ . Since the average values of '
,no IIIJ Nu+  are zero, it 

can lead to  

( )
( )

1

0

i

i

T

T

du
K Nk u dt

dt

K Nk u

α

α β

= − − + ∆

≤ − − +

∫
%

%

%

                  (31) 
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As β  is relatively small, the "averaged system" (31) could 

still prove to be bounded stable. Then, the approximate neutral 

point voltage balance can also be guaranteed. 

By using 
'

,
r

no IIIu , when the averaged system enters steady 

state, the actual boundary values of 
'
nou  will be used. Therefore, 

the actual discontinuous PWM can be realized, which is 

favorable to improve the operating efficiency. 

From approach III, it is found that the selection of 
'
nou  in the 

proposed design framework can be further relaxed to: 

( )1

0

i

i

T

noT
J Nu dt β+ ≤∫ , where β  is a small positive value. 

In summary, from the viewpoint of stability, approach I can 

stay stable in the common sense; approach II and III are stable 

in the average sense; while the stability of approach III belongs 

to input-to-state stability. 

In addition to the above approaches, there are still other 

ways to construct 
'
nou . If the constructed method satisfies the 

generalized design framework above, it must be effective to 

maintain neutral point voltage balance. 

V. PERFORMANCE ANALYSIS FOR THE APPROACHES 

For the above three approaches, the related steady-state 

performance will be discussed in this section. 

A. Neutral Point Voltage Balance Performance 

In approach I, the capacitor voltage error is governed by the 

original dynamic system (22). Clearly, the actual voltage error 

will converge to zero as time tends to infinity. In other words, 

the two capacitor voltages can coincide well with each other. 

Unlike approach I, both approach II and III deal with the 

averaged voltage error, relying on the "averaged system" (26). 

Though the average voltage errors converge to zero, they 

cannot give all the information of the actual capacitor voltages. 

Furthermore, the actual capacitor voltage errors in approach II 

and III are different. 

To evaluate the neutral point voltage balance performance, 

the standard deviations of capacitor voltage error are calculated 

for the three approaches. Consider (12), the following 

formulation in (32) can be used to approximate the standard 

deviation. 

( )2

2
'1 1

0

i

idc

T

noTu
J Nu dtσ = +∫                          (32) 

 

Fig. 3 diagrams in approach I,II and III: (a) the approximated standard 

deviation of u% ; (b) the waveforms of u% . 

The results in Fig. 3(a) indicate that 0III II Iσ σ σ> > = . 

Accordingly, the capacitor voltage errors show different 

variation ranges in the steady state, as shown in Fig. 3(b). To 

avoid repetitive works, only the first form (27) of approach III 

is considered here and in the following sections. It can be 

inferred that, approach I will obtain the best neutral point 

voltage balance performance, and approach III is the worst one. 

B. Input Current Quality 

Beside the neutral point voltage balance performance, input 

current quality is also an important index to evaluate the three 

approaches. In such aspect, it is better for 
'

nou  lying in the 

feasible range. From (10), it can be inferred that the feasible 

range of 
'

nou  is actually related with input power factor. 

In order to test if the selected 
'

no
u  in the three approaches 

satisfy 
'

,no min no no,maxu u u≤ ≤ , some numerical analysis are given 

in this subsection. At unity input power factor, Fig. 4 shows the 

corresponding steady-state waveforms of 
'
nou , ,no minu , no,maxu  

in approach I, II, and III, respectively. Note that all the voltage 

quantities are normalized by the dc-link voltage. As seen, the 

inequality ,no min no,maxu u≤  holds. Moreover, both 
'

,no IIu  and 

'
,

r
no IIIu  lie in the feasible range at any time. However, '

,no Iu  is 

within , ,,no min no maxu u    only in most of time, and some points 

of '
,no Iu  are outside the feasible range. 

 

Fig. 4 Waveforms of ,no minu , ,no maxu , 
'

no
u  in the three approaches at unity 

input power factor ( 0sϕ = ). 

At lower input power factor, Fig. 5 shows the related 

waveforms in the three approaches. As seen, 
'

,no IIu , 
'

,
r

no IIIu  are 

still within the feasible range at any time; while more points of 
'

,no Iu  are outside the range. 

In fact, '
,no Iu  can completely be within the range only at 

0iϕ = , which means that the operating range of approach I is 

relatively narrow. That is the shortcoming of approach I. 

Because of this, approach I is prone to the input current 
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distortion especially at lower power factor, which is, however, 

not too obvious at unity input power factor. In addition, both 

approach I and II belong to continuous PWM; while approach 

III uses the discontinuous PWM. According to [31], the current 

quality in discontinuous PWM is usually worse than that in 

continuous PWM even in linear modulation region. 

 

Fig. 5 Waveforms of ,no minu , ,no maxu , 
'

no
u  in the three approaches at lower 

input power factor (
18s
πϕ = ). 

Based on the above analysis, approach II will has the best 

input current quality of the three approaches. Further, the input 

current quality of approach III may be worse than the other two 

approaches at unity input power factor. But with the decrease of 

input power factor, the input current distortions of approach I 

will be more serious than that of approach III. 

VI. SIMULATION AND EXPERIMENT RESULTS 
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Fig. 6. Control block diagram for three phase Vienna rectifier. 

To validate the proposed design framework and related 

performance analysis, some simulations and experiments have 

been carried out. Fig. 6 shows the control block diagram for the 

three-phase Vienna rectifier, where the dc-link voltage and 

input currents are regulated by PI controllers. The three 

approaches differ from the selections of zero sequence voltage 

that will be added in the duty cycle calculations. TABLE.I lists 

the parameters involved in the simulations and experiments. 

TABLE.I 

Parameters used in the simulations and experiments 

 

A. Simulations Results  

In this subsection, some numerical simulations have been 

carried out in the MATLAB/Simulink platform. 

To test the neutral point voltage balance capability, an 

unbalanced situation is constructed by connecting a resistor of 

80 Ω in parallel with the upper capacitor during the time 

interval [0.3s, 0.31s]. The Vienna rectifier works with unity 

input power factor, and the desired dc-link voltage is set to 

360V. Figs. 7(a)-(c) show the capacitor voltage waveforms, 

when the three approaches to selecting 
'

nou  are used with 

0k = . 

 
Fig. 7 Simulation results with 0k =  and in (a) approach I; (b) approach II; (c) 

approach III. 

As seen, all the capacitor voltages can return to balance 

point gradually. Moreover, the balancing rates of capacitor 

voltages are almost the same, because they are all determined 

by Kα . Besides, it is noteworthy that the capacitor voltage 

waveforms are different in the three approaches. The capacitor 

voltages in approach I are relatively smooth; while they are 

pulsating with different degrees in approach II and III. It is clear 

that the pulsation in approach III is more serious than that in 
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approach II. These results agree well with the related 

performance analysis mentioned before. 

Figs. 8(a)-(c) show the capacitor voltage waveforms in 

approach I, II and III, when the feedback term 
''

nou  is added and 

3k = − . As seen, the voltage deviations are smaller than those 

in Fig. 7, and the unbalanced capacitor voltages turn into 

balance more rapidly. Clearly, the feedback term will help to 

improve neutral point voltage balance capability. Besides, the 

capacitor voltage waveforms also exhibit different 

characteristics in the three approaches, similar to the results in 

Fig. 7. 

 

Fig. 8 Simulation results with 3k = −  and in (a) approach I; (b) approach II; (c) 

approach III. 

 

Fig. 9 Input voltage and current waveforms at unity input power factor in (a) 

approach I; (b) approach II; (c) approach III. 

To validate the analysis about input current quality, two 

situations with different input power factors are tested. 

Figs. 9(a)-(c) show a-phase source voltage and input 

current waveforms of the three approaches with unity input 

power factor. As seen, all the input currents are well controlled. 

The THDs of input currents are 3.98%, 3.84% and 4.92% in 

approach I, II, and III, respectively. 

 

Fig. 10 Input voltage and current waveforms at 
18s
πϕ =  in (a) approach I; (b) 

approach II; (c) approach III. 

Figs. 10 (a)-(c) show the corresponding waveforms of the 

three approaches with the input power factor angle 
18s
πϕ = . As 

seen, all the input currents lead the related input voltages. 

However, the current waveforms are a little different in these 

approaches. By comparisons, approach II can acquire the best 

input current quality (THDi=4.21%) , approach III comes next 

(THDi=6.18%), then followed by approach I (THDi=8.32%). 

Clearly, the simulation results in Fig. 9 and Fig. 10 are in 

good agreement with the analysis in Section IV. 

B. Experimental Results  

 

Fig. 11 Prototype of the three-phase Vienna rectifier. 
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A prototype of three-phase Vienna rectifier with the 

specifications given in TABLE. I has been built in the 

laboratory, as shown in Fig.11. The bidirectional switches are 

made up of two insulated gate bipolar transistors (IGBTs) 

IKW30N65EL5 (650V/30A, Infineon) with common emitter. 

The three phase diode bridge circuit employs six fast recovery 

diodes IDW40E65D1 (650V/40A, Infineon). Besides, the 

control platform is based on a floating-point digital signal 

processor (DSP) TMS320F28335. 

 

Fig. 12 Experimental results of approach I when the control system starts up in: 

(a) case of 0k = ; (b) case of 3k = − . 

 

Fig. 13 Experimental results of approach II when the control system starts up in: 

(a) case of 0k = ; (b) case of 3k = − . 

First, consider unity input power factor and the desired 

dc-link voltage is set to 320V. Fig. 12(a) shows the 

experimental results of approach I with 0k =  before and after 

the control system starts up, which contain the waveforms of 

a-phase source voltage and input current, two capacitor 

voltages, and the voltage error between them. Fig. 12(b) shows 

the experimental results of approach I with 3k = − . 

As seen, after the control system starts up, both the input 

currents turn into sinusoidal quickly, and the capacitor voltages 

become half of the desired dc-link voltages. The input currents 

are in phase with the input voltages, which means that unity 

input power factor has been obtained. Besides, it can be 

inferred from the voltage error waveforms that the control 

system with the case of 3k = −  has faster convergence speed 

than that with 0k = , which agrees well with the theoretic 

analysis. 

 

Fig. 14 Experimental results of approach III when the control system starts up 

in: (a) case of 0k = ; (b) case of 3k = − . 

 

Fig. 15 Experimental results at unity input power factor in (a) approach I; (b) 
approach II; (c) approach III. 
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Similarly, Figs. 13(a)-(b) show the related experimental 

results of approach II; while Figs. 14(a)-(b) show the 

experimental results of approach III. As seen, the control 

system with 3k = −  still come into steady state more rapidly 

than that with 0k = , regardless of which approach it takes. 

Besides, by comparisons among the results in Figs. 12-14, the 

capacitor voltages in approach II and III are pulsating with 

different levels; while they are very smooth in approach I. 

These results are in line with the theoretic analysis and the 

related simulation results.  

 

Fig. 16 Experimental results at 
18s
πϕ =  in (a) approach I; (b) approach II; (c) 

approach III. 

 

Fig. 17 Spectrum analysis results of input current at 
18s
πϕ =  in (a) approach I 

(THD=9.1%); (b) approach II (THD=4.35%) ; (c) approach III (THD= 6.37%). 

For input current quality analysis, Figs. 15(a)-(c) show the 

related experimental results of approach I, II and III with unity 

input power factor, respectively. In such experiments, the 

desired dc-link voltage changes from 320V to 360V. By 

comparisons among these results, these are no obvious 

differences in the current waveforms. 

At input power factor angle of 
18s
πϕ = , Figs. 16(a)-(c) show 

the corresponding experimental results of approach I, II, and III, 

respectively, with the same conditions in the simulations. As 

seen, the simulation and experimental waveforms show 

excellent agreement. Moreover, the spectrum analysis results of 

the input currents are demonstrated in Figs. 17(a)-(c) 

successively. From the spectrum graphs, it is found that when 

the input current distortion is relatively serious, like in Fig. 

16(a), low order harmonics, such as 5th and/or 7th harmonics, 

will exist. Besides, the input current THD is the lowest in 

approach II, and the highest in approach I, with approach III 

lying somewhere in between. 

In addition, Figs. 18(a)-(b) illustrate the calculated and 

measured efficiency curves of the three phase Vienna rectifier 

in the three approaches, respectively. As seen, all the calculated 

efficiencies are relatively higher than the measured ones, 

regardless of whichever approach has been used. Further, the 

(either calculated or measured) efficiency in approach III is 

always higher than those in the other two approaches due to the 

reduced switching loss; while they are of little difference 

approach I and II. 

 

Fig. 18 The curves of the (a) calculated and (b) measured efficiency with regard 

to active power in the three approaches. 

TABLE.II 
Performance comparisons in three approaches 
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Generally, the performance comparisons among the three 

approaches are demonstrated in TABLE. II. 

VII. CONCLUSION  

In this paper, a generalized design framework is proposed 

for the three phase Vienna rectifier to address the issue of 

neutral point voltage imbalance. Based on the proposed 

framework, it is convenient to construct different neutral point 

voltage balance approaches, and the related stability can be 

guaranteed based on the averaging theory. Through proper 

construction, neutral point voltage self-balance can be achieved 

without adding extra feedback control actions. As 

demonstration, three representative approaches are presented 

successively, which exhibit different performance 

characteristics.  

Moreover, when the three approaches are used in the 

Vienna rectifier, the related performances are analyzed and 

compared in terms of input current quality, capacitor voltage 

fluctuation, and operating efficiency. Comparatively, approach 

I can guarantee two capacitor voltages of great coincidence, but 

the input current quality is the worst of the three at lower power 

factor. Approach II can obtain the best input current quality, but 

the steady capacitor voltages have small fluctuations. In 

approach III, the degree of capacitor voltage fluctuation is even 

larger than that in approach II, but the operating efficiency is 

higher than that in the other approaches. In other words, each 

approach has its own strength and weakness, which can be 

applied as the related performance is required. Therefore, it can 

be inferred that new neutral point voltage balance methods can 

be customized through the proposed design framework 

according to specific operating performance requirements. 
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