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Abstract

This paper studies the inherent relationship between currents and zero-sequence components. Then a precise algorithm is

proposed to calculate the injected zero-sequence component to control the DC-Link neutral-point voltage balance, which can result

in a more efficient and flexible neutral point voltage balance with a desirable performance. In addition, it is shown that carried-

based PWM with the calculated zero-sequence component scheme can be equivalent to space-vector pulse-width modulation

(SVPWM). Based on the proposed method, the optimal zero-sequence component of the feasible modulation indices is analyzed.

In addition, the unbalanced load limitation of the DC-Link neutral-point voltage balance control is also revealed. Simulation and

experimental results are shown to verify the validity and practicality of the proposed algorithm.
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I. INTRODUCTION

In the past two decades, there has been a lot of research done
on Vienna-type rectifier systems, including state-space
averaging model derivation and control scheme development
[6]-[10]. The performance of a Vienna-type rectifier depends
a lot on its modulation techniques. These techniques can
generally be classified into two categories: carrier-based PWM
and space vector modulation (SVM). These two seemingly
very different types of modulation methods have been
extensively studied and widely used in different application
areas. There is no clear agreement as to which modulator is
better. The former is more efficient and flexible. However, it
has a worse harmonic performance. Meanwhile, the latter can
increase both the utilization of dc voltage and the quality of
three-phase current. It can also solve the problem of unbalanced
neutral point voltage by adjusting the dwell time of the
redundant short vectors [11], [12]. However, it has a high
computational burden due to sector identification, and the
sequence table according to the sectors.
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Scholars have developed several methods to make two
modulations equivalent for three-level Vienna-type rectifiers
[5], [13], [16]. One type of Vienna-type rectifier topology
family is presented in Fig. 1. It consists of a main diode bridge
and three bidirectional switching units, which are determined
by both the switch state and the current direction. The injected
zero-sequence components for a Vienna rectifier are not the
same as those of the equivalent PWM method for the
traditional three-level topology [10], [14], [15]. Rixin et.al.
proposed a simple carrier-based PWM that is injected with
proper third harmonics, and designed a DC-link neutral-point
voltage balance control loop, without analyzing the voltage
balancing ability [13]. In [16], the zero-sequence component is
attained by exploiting the equivalence between NPC and two-
level converters, where the realization of SVM is indirect and
the equivalence between SVM and carrier-based PWM is not
clear. In [5], equivalent carrier-based PWM is deduced based
on the separated sectors and sub-sectors in static coordinates.
This method does not discuss the inherent reasons for the DC-
Link neutral-point voltage unbalance.

This paper is divided into six sections. Section I briefly
introduces the advantages of the Vienna-type topology and
discusses the SVM and carrier-based PWM for Vienna-type
rectifiers. Section II describes the operation and configuration
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Fig. 1. Circuit schematic of a Vienna-type rectifier topology.
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Fig. 2. Space vector diagram and six sectors of a Vienna-type
rectifier.

of the Vienna-type rectifier based on SVM. Section III
describes the zero-sequence component, which is injected into
the carrier-based PWM to make it equal to the SVM scheme.
Section IV presents a comprehensive analysis of the relationship
between the DC-Link neutral-point potential variation and an
average current flowing into or out of the neutral point. It is
shown that the neutral current is an important variation. In
other words, once the neutral current is known, the DC-Link
neutral-point potential variation can be obtained. Simulation
results are demonstrated in Section V. Section VI presents
some conclusions.

II. OPERATION AND CONFIGURATION OF THE
VIENNA RECTIFIER BASED ON SVM

A. SVM-based Control Strategy

Fig. 2 shows a space vector diagram and six sectors. These
vectors have one zero state and 24 active states. The active
states can be grouped into three categories: short vectors,
medium vectors, and long vectors, the lengths of which are
supposed to be normalized by Vdc, i.e. 1/3,7/3/3 and 2/3.
The six sectors are created, depending on the sector where the
line current vectoris lies on thea — 8 plane [7]. A total of six
possible sectors exist, {I, IT ...VI}, which activate six different
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Fig. 3. Graphs of: (a) Zero-sequence component. (b) Three SVM-
equivalent phase modulation waves (r=0.5, m=0.78).

set of space vectors forming a hexagonal region [7] [13]. Take
sector [ of -7 /6 ~ 7z /6 asan example, as shown in the left
shaded area in Fig. 2. It is given that the instantaneous polarity
of the input currents is perfectly synchronized with the grid
voltage. Due to current polarity restrictions, only the switch
states of [0 0 -1] and [0 -1 0] can be realized.

B. SVM Equivalent in Carrier-Based PWM

In the sector I, phase A is in the positive period, and phases
B and C are in the negative period. As shown in Fig. 2, the

target vector Vv, is synthesized by the basic vectors of
Vor(Vors»Vor-) , Viand v, . In addition, the sequence of states

applied during a switching cycle have two forms:

Vorr "Vi2 Vi Vo = Voo =V Vi~ Voie )
Voro ™Y1 = Vi2 = Vo Vo ~Vi2 V1 Voo 2)

Since the redundant vector v, has two switching state

realizations, as shown in Fig. 2, namely v,,, andv,,_, and the

volt-second balance for a Vienna-type rectifier considering the
dc-link neutral-point voltage balance can be expressed as:

T,
rTyve. =Ty, =T, —(1=1)T vy, = ?Vref 3)

. =(=r)vy, (4)
where r is the time ratio of the redundant vector, which means
that the ratio of the dwell time is assigned to the switching
combination and injects current into the midpoint of the output
capacitors. In addition, 7is the sampling period. Substitute
the Clarke transform into (3), and use 7, +7, +7,, =T,/2 and
(4). Then the zero-sequence component V. can be deduced as:

v, =2r-v, +r(v,—-v,)-1 %)

where v, and V. are modulation waves.
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The calculation of zero-sequence components is the same
when the vectors are located in the other sectors. Therefore,
the injected zero-sequence components are shown as:

V, =F(1= 0 + Oin) ~ O
o = Vase  Vape 20 (6)
abe
Vabe +1 Vape < 0

Fig. 3 shows three-phase modulation waves injected with
zero-sequence component and the zero-sequence component.

III. ANALYSIS AND CALCULATION OF NEUTRAL-
CURRENT AND ZERO-SEQUENCE COMPONENTS

It is known that selecting redundant switching states and
adjusting the dwell time in SVM is the process for deciding the
zero-sequence component. The neutral current is an important
reason for neutral-point voltage variations. If the relation for a
Vienna-type rectifier is well not understood, there is confusion
among practicing engineers. Therefore, it is important to build
a nonlinear and discontinuous relationship between the neutral
current and the zero-sequence component. Fig. 4 shows the
division of six sectors diagram of a Vienna-type rectifier. In
order to simplify the analysis for the Vienna-type rectifier,
several assumptions are made here. The angle introduced by
the input inductance between the grid side and the switch side
can be ignored. The modulation frequency is higher than the
output fundamental frequency, and the phase currents can be
considered to be constant in a modulation period.

In section 11, it is known that the lengths of these vectors are
supposed to be normalized by Vdc, i.e. 1/3, ﬁ/3 and2/3.In

order to conveniently analyze the zero-sequence component,
the modulation index is defined here as 7= \/ere,- / Vi , where
V,. is defined as the dc-link output voltage, and V,,, is the

reference voltage, achieved after a Clarke transform, in the
a— B coordinate system [17]. The three phase sinusoidal

modulation waves can be obtained as:

V,, = mcos wt
v, = mcos(wt —27/3) (7
v,, =mcos(wt+27x/3)

where @ is the fundamental angular frequency, and
0<m<2/3 (ifV,, =2V, [3thenm = 2/\5 ). In addition, two

modulation regions in a space vector representation for a three-
level SVM implementation are shown in Fig. 5.

A. Calculation of Zero-Sequence Component in the Steady
State
According to the aforementioned assumption that the grid is
balanced and the power factor is unity, the instantaneous input
currents are given by (8) with the voltages given in (7), where
I, is the amplitude of the phase current. The three-phase input
currents of the rectifier can be shown as follows:
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Fig. 4. Divisions of six sectors diagram.

overmodul

region /

Fig. 5. Modulation region in space vector representation.

i, =1, coswt
i, =1, cos(wt —27/3) )
i, =1, cos(wt+27/3)
In addition, for a three phase three wire system it follows
that:

i, +i,+i. =0 ©
If the zero-sequence component is injected into three phase

sinusoidal modulation waves, the actual modulation waves can
be given by:

V., =V +V0

Vi = Vio TV (10)
V.=V, TV,

For a three-level Vienna-type rectifier, which is current
force commutated, the rectifier pole voltage is determined by
the controlled switch state and the polarity of the ac phase
current at the corresponding instance [13]. Due to the force
commutation characteristics of the Vienna-type rectifier, the

average neutral current in a modulation period can be obtained
by:

ineu: Z (1-Vx)ix:_z vx ix
x=a,b,c x=a,b,c (1 ] )
_Vb0|ib|_vc0 =v( +|ib|+ )

In the steady state, to implement the dc-link voltage balance,

l(l

lL‘

= _vaO lu lL‘

the neutral point injection current i,, should always be zero
in a modulation period. Therefore, from the voltage balance
standpoint, the injected zero-sequence component should be
controlled as:
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i, i

C

Vo |lb| Vo

li.] + iy + .

_vaO

Vo = (12)

For the unity power factor case, the input currents and
voltages of each phase are in the same phase. Take

—7/6 <@t <7/6 (section 1) as an example. In this case,

|ia|+|ib|+|i[:| is equal to the absolute value of the maximum
instantaneous ac input line current. Then the dc component of
+iy |+

I, i.| can be achieved by:

6 r
7l

with (7) and (8), the optimal zero-sequence component can be
calculated as:

i, |+ [iy |+ |i.| dt :EIM (13)
v

~ m(1/2—cos2at)

Vo = (14)

2cos wt

Consequently, the three-phase modulation waveform
injected zero-sequence components can be calculated as:

3 m
y ==
‘4 coswt
/3 mcos (2wt + 7/6)
vV = 7
b 2 cos wt (15)
3 mcos(20t—7/6)
) cos wt

The calculation of zero-sequence components is the same
when the reference vector is located in the other five sections.

Thus, equation (16) can be obtained through the above analysis.

m(1/2—cos2amt)
2cos wt

m(l/2—c0s2wt) ) (16)
———= ot esection(/1, 1V ,VI)

wt € section(/, I11,V")

Vo =
2cos wt

B. Revising the Zero-Sequence Component for the
Neutral-Point Voltage Balance

To solve this problem feedback control of the dc voltages is
introduced to correct the disturbed voltage caused by a
momentary disturbance. In addition, the upper capacitor and
the lower capacitor in the dc-link have the same capacitance
and characteristics, and this value is equal to C. Then the
neutral-point voltage variation in a sample period can be
calculated as:

i
AVZKp—Kw:—é7} (17)

where T is the sample period.

When there is a deviation of the neutral-point voltage, to
balance the dc voltages in a sample period, the average neutral
current, due to the voltage deviation between the upper
capacitor and the lower capacitor, in a sample period should be
controlled as:

i,, =—AvC/T, (18)
The injected zero-sequence component should be revised as:

_lAv - SsgnavaOla - SsgnbeOZb - Ssgncvcolc

(19)

Ore —

S. I +8§ +s._ 1

sgna“a sgnblb sgnc c

T T
where| Signas Sugns>Sine | = [5200,),520(v,).5gn(v,)]"
The signs of v, (x = a,b,c) are unknown before the zero-

sequence component is calculated. For the Vienna-type
rectifier, the algorithm can be further simplified since the grid
voltages and line currents are in the same phase. In the analysis,
vmaxO /vmax 5 vmid() /Vmid and vminO /vmin are defined as the

maximum, medium and minimum values of the three phase
modulation waves with/without the injected zero-sequence

component, and Lo > Imia and I, are the currents of the

corresponding phase. The injected zero-sequence component
does not modify the relationship of the magnitude. Therefore,
the new three phase modulation waves can be given by:

Vmax = VmaxO + VO
Vid = Vmiao T Vo (20)
Vmin = VminO + VO

Three phase modulation waves with an injected zero-sequence
component are setas —1<v_ <1, xe[max, mid, min]. Thus, the

span of the zero-sequence component that can be injected is
expressed as:

—1-v

min

0 SV S1=vi (21

It is necessary to further analyze the relationship between
the neutral current and the zero-sequence component. It is well

known that v, +V, ., +V,.. =0 and that there must be

mid
Voin <0,V >0. Only the sign of V,,, is not determined.

However, whatever the signis, V,,; and I, have the same
phase and sign value. Thus, Vg0 S8V, )i, can be
simplified to V,,;;, ‘im,.d| . The same approach can be applied to

the other two phases to obtain the simplified form. The
relationship between the neutral current and the revised zero-
sequence component can be derived as follows.

— lmax lmin

-V

Av max 0 B VmidO |lmid | B VminO

(22)

Vo = .

+|im[d|+|l

|lmax min |

The substitution of (12), (13), (16) and (18) into (22) leads
to the injected zero-sequence component as follows:

_AC | m(1/2-cos2wr)

wt € section(/, I11,V)

37,T. 2coswt
o= awC  m(1/2—cos2ot) (23)
- - wt € section(I1,1V V)
31,T. 2cos wt
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Fig. 6. Diagrams. (a) Waveform of V,. (b) Spectrum of V),

(m=1,w=314).

Define equation (23) as:
v, = kAv+v; (24)

where k=—zC/31,,T. . In addition, V,is the optimal zero-

sequence component in the steady state [13], and kAv is
used to balance the dc-link voltage, which is called the
controlled zero-sequence component.

Fig. 6(a) shows a waveform of the optimal zero-sequence
component, and Fig. 6(b) shows spectrum analysis results for

the case of m=1. V;. This can be simplified as:
v, ®—0.259mcos(3ax) +0.011mcos(9ex) (25)

The carried-based PWM method above is equivalent to the
SVM method by injecting zero-sequence components.
Additionally, there is a dc offset in the zero-sequence

component V.

IV. ANALYSIS OF THE OFFSET EXTENT WITH THE
MIDPOINT POTENTIAL NEUTRAL CURRENT

The SPWM method with zero-sequence components is
equivalent to the SVM method. It is assumed that the grid is in
the balanced state and that the PF is unity. Furthermore, the
voltage loop is stable, and the neutral point is balanced. During
every modulation period, if the rectifier system is in the steady
state, to implement the neutral point voltage balancing control,
the average neutral point current is controlled to zero.
According to the operation features of Vienna-type rectifiers,
the average neutral point current in every modulation is
injected into middle-point of the dc-link output capacitors.
This can be express as equation (5) in section III, which can be
simplified as:

. 1 (& . . .
lneu = FYJ‘}/ z dklkdt ~ dala + dblb + dclc (26)

k=a

where d, is the duty ratio.
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Fig. 7. The relationship between FC and the neutral-point potential.

If Vo 2 Ven, when the switch state S, (k = a,b,c)is on, and
the relevant phase current i,(k =a,b,c) is negative (which
means the current outflows from the midpoint of the dc-link
capacitors), the midpoint potential unbalance extent is
exacerbated by the relevant current. On the other hand, when
the relevant phase current i (k=a,b,c) is positive, the
midpoint potential unbalance extent is suppressed by the

relevant current. In theV,, <V,, case, it has a similar analysis
process with the above expression. It can be concluded from
this analysis that the larger the current value (|i,|(k = a,b,c)),
the more notable the influence on the neutral-point potential.
Here the factor of the neutral-point balance ( S (k= a,b,c))
is defined as:

vcp _vcn .
f}’lk :ﬁlk k=a,b,c (27)
@ cn

Base on equations (26) and (27), the neutral-point voltage
balance control factor(FC)is defined as follows:

FC=Y fund, k=ab,c (28)

k=a

In a modulation period, if FC >0, the average effect of the
neutral-point current is an inhibition of the unbalance voltage
offset. On the other hand, if FC <0, the midpoint potential
unbalance extent is exacerbated by the neutral-point current.
Furthermore, the larger the absolute value of FC, the more
notable the influence on the neutral-point potential. The
relationship between FC and the neutral-point potential is
shown in the Fig. 7.

In addition, when the duty ratio changes to the switch state

(S, €{0,1} ; when the active switch is on, S, =1; when the
active is off, 5, =0), FC can express the influence on the

neutral-point potential, which is carried out by any of the space
vectors.

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, a detailed simulation has been built to verify
the proposed control stagey on a SIMULINK platform. The
circuit parameters used in the simulation model are listed in
Table I.
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TABLE I
SIMULATION PARAMETERS
RMS Source voltage 220V
Source frequency 50Hz
Input inductance L 4mH
Switching frequency 15kHz
DC link voltage 650V
Dc link capacitor 22004 F
Load resistance 50Q
Grid
H\\\ WM
\ N
L R
] Vﬂ'h'[‘ Ia‘b‘c
\ B Vi v, NS
Decouple #» abq § N v, T
et .
0 | Controller—"— dgq Vo B+ 4 v | =

» T
b

vecalculation
based on (19) +

i
! e Ve Ve <——<le
e
Fig. 8. Control block of SPWM with a zero-sequence component.

Fig. 8 shows a control block diagram of SPWM with a zero-
sequence component, which can guarantee zero current
injection into the neutral point. A decoupled controller,
representing the standard two-level or three level multi-loop
control topology in the synchronous reference frame (d-q
frame) [19], [20], is commonly used to control the three phase
boost rectifiers. In addition, the outer loop is designed for dc
link voltage regulation. For the three-level neutral point
clamping topology, an additional dc voltage balance loop is
required. For the Vienna-type rectifier, used in this case
instead of a complicated three-level space vector modulator,
V,and V, are directly converted into the abc coordinates
Vao, YeoandVeo through an inverse Park’s transformation.
The dc link midpoint voltage balance is regulated by the zero
sequence component Yo, which consists of two parts: a feed
forward component V; , and a feedback component (kAv ),
where V; is the optimal zero sequence given by (19).

When the modulation index m is set to 0.78, the corresponding
modulation waveform with zero-sequence injection is shown in
Fig. 9. Fig. 9(a) shows the A phase duty- cycle d, and the zero-
sequence component V, . It can be seen that the simulation results
are consistent with the theoretical analysis. Then Fig. 9(b) and (c)
meet the operating characteristics of the three-level rectifier.

Fig. 10 shows steady-state and load-change waveforms of
the Vienna rectifier. Fig. 10(b) shows that both the dc-link
voltages and the ac input currents are well controlled. As a
result, the power factor is close to unity. Furthermore, the

t/s

-4 | | 1
%(?06 0.065 0.07 075 0.08

(b)
100V
600

0

Vab

-600

_1 000 1 1 1 1 1 1 1
006 0065 007 0075 008 0085 009 0095 0.1

t/s
(©)
Fig. 9. Waveforms based on SPWM injected zero-sequence
voltage (m=0.78). (a) A phase duty-cycle with a zero-sequence
component. (b) V, (phase voltage over switch). (c) V,, (line

voltage over switch).

w
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(b)
Fig. 10. Simulation results of the steady-state and a load change
where the load resistance steps from 40 to 30 Q. (a) Three phase
currents i,,i,,i. and source voltage #, . (b) Full dc-link voltage
V4. and two capacitor voltages V., Ve, .

neutral point voltage balance has been effectively controlled.
In order to verify the dynamic performance, Fig. 10 shows the
transient response for a load step-up case, where the load
resistance steps from 40 to 30 Q. The simulation results
indicate that the proposed control approach is stable under
load-step transient conditions. As can be seen, the neutral point
voltage is effectively regulated by the zero sequence components.



566 Journal of Power Electronics, Vol. 19, No. 2, March 2019

\ b
" main circuit

@ 250v B @ 100V By
© y @« 1.00v_ 8yl[10.0ms

0.00000 s @B _~ 1200V

<10 Hz[10:21:59

2 100y Bl
(3] A Jao.oms

0.00000 s @B 1200
(®)
Fig. 12. Experimental waveforms of the SPWM. (a) SPWM with
an injected zero-sequence voltage (m=0.78). (b) SPWM without a
zero-sequence voltage.
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To further illustrate and validate the proposed method, an
experimental prototype is built at laboratory scale, which is
shown in Fig. 11. A TMS320-F28335 DSP chip controller is
used for sample control and to distribute the drive signals. The
bidirectional switch is a SKM200GM12T4, the fast recovery
diode is a IXYS DSEI2 101-12A. The input voltage is 220
Vrms/50Hz, the inductors are 4mH, and the switch frequency
is 15 kHz. At the dc side, the two dc-link capacitors connected
in series are 2200 and the load resister is 120. In addition, the
dc reference voltage is 650V.

Figs. 12(a) and (b) show experimental results of the SPWM
with a zero-sequence component algorithm and the SPWM
algorithm. These wave-forms show the flexibility of the proposed
the SPWM with a zero-sequence component algorithm, which
agrees one-to-one with its corresponding space vector
implementation. This was extensively verified through a

] ' { i {
b1 X ‘R A 1W /
?U;c/ff\ v/\\.x'/\ '?vf wf\\/\ MM M’m

1 B
Vo L

1) i

oW WY

2006 B @ u
€ 50y By J20.0ms

0.00000 sJ(@D 71200V <10Hf16:2453 |

%
%
%
%

(d)
Fig. 13. Experimental results of the proposed control method.
(a) B phase current and voltage waveform, and full dc-link voltage
waveform in the steady-state. (b) Three-phase current harmonic
distortions.

simulation analysis. Fig. 13(a) exhibits the phase b source
voltage and phase b current steady-state waveforms of the
proposed control method. As depicted in Fig. 3(a), the sinusoidal
grid current and source voltage are exactly in phase, and the
power factor value is about 0.99. Fig. 13(b) shows that the
average THD is about 3.1%. This result confirms that the new
modulation method is effective. Fig. 14 shows differential
waveforms. Transient waveforms of the dc voltage and ac
current are shown in the Fig. 14(a). At the same time, these
waveforms can be used to depict the steady-state. Further
illustrations of the relations between the ac current and ac
source voltage are shown in Fig. 14(b) when the rectifier
changes from the diode rectification mode to the active control
mode. In addition, sinusoidal and symmetrical currents can be
obtained and have the same phase angle as the respective
source voltages. Fig. 14(c) shows that the neutral point voltage
balance of the dc-link capacitors is well regulated by this
method based on the simplified SVM. Fig. 14(d) shows the
transient response for a load step-up case, where the load
resistance steps from the disconnected state to the normal
steady state.
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Fig. 14. Experimental waveforms. (a) Current and voltage form the start-up state to the steady state. (b) Current and voltage in the steady-
state. (c) Voltage of the upper and lower capacitors, and subtraction of the upper and lower capacitor voltages. (d) A phase current and
full de-link voltage with the load resistance stepping from 120 to 75 Q.

VI. CONCLUSION

This paper presents a SPWM with a zero-sequence component
algorithm, which can significantly reduce the calculation effort
and achieve very good performance in terms of the neutral point
voltage balance. Additionally, the mechanism of the neutral point
regulation is analyzed by precise zero sequence components. This
paper also presents a comprehensive analysis of the
relationship between the DC-Link neutral-point potential
variation and the average current flowing out of or into the

neutral point. Simulation and experimental results well match
the theoretical analysis.
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