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Abstract: This study presents two methods of controlling neutral-point voltage oscillation in a hybrid VIENNA rectifier, which is
composed of the parallel association of a three-phase single-switch Boost rectifier with a VIENNA-type rectifier. The neutral-
point oscillation reason has been analysed with a mathematical model. Meanwhile, the two neutral-point control methods of a
simplified method based on a zero-sequence component injection and a dual-carrier pulse-width modulation (PWM) method are
proposed to control the voltage deviation of the split DC-link and three-time fundamental frequency neutral-point voltage
fluctuation with a decrease from +1.6 to 1V, respectively. Moreover, the significant oscillation in the neutral-point voltage
caused by unbalanced loads or asymmetric capacitor parameters can also be effectively suppressed by using the dual-carrier
PWM method. Furthermore, the performance comparison between these two methods is provided. The experimental results
show that the system after being introduced the proposed two methods still exhibits a low-order input current harmonic such as

second, third, and fourth harmonics as well as the input current total harmonic distortion is lower than the standard 5%.

1 Introduction

The hybrid VIENNA rectifier is assembled by the parallel
connection of a three-phase single-switch boost rectifier (TPSSBR)
and a VIENNA-type rectifier. The input current of this rectifier is
divided into two parts; thus, the input power and current stress on
the power switches in each single rectifier can be reduced [1-3].
The hybrid rectifier is reported to have many advantages, including
low input current harmonics, higher efficiency, and reliable
performance compared with the single rectifier [4—7]. Therefore,
this rectifier has an application potential in the aspect of the DC arc
furnace, plasma arc torches, electro-winning, plasma cutting
system [8,9] and aviation power source [10], and charging pile
power source [11], on the other hand, it can also find application in
the retrofit projects where a three-phase diode rectifier already
exists, but its input current distortion is to be reduced to comply
with new standards only through a parallel connection of
VIENNA-type switch bridge instead of significant changing the
topology structure [9].

The neutral-point voltage oscillation is an inherent problem in
three-level topology including hybrid VIENNA rectifier, which can
lead to unbalanced voltage of the capacitor and cause the switch
over-voltage damage, it also affects the input line voltage
waveform as well as making the total harmonic distortion (THD)
of input current become large with the same filter parameters [12,
13]. Recently, some suppression methods of neutral-point voltage
oscillation have been proposed. Tian et al. [14] took advantage of
redundancy in phase switching states to control and balance flying
capacitor voltages for a four-level voltage-source inverter. In [15],
an improved virtual space vector pulse-width modulation (PWM)
with a feedback control scheme is adopted to balance the neutral-
point voltage and to achieve precise control. However, this method
relies on a feedback control scheme. A neutral-point voltage
balancing control method based on a carrier-based discontinuous
PWM for VIENNA rectifier is described in [16], but this neutral-
point control method is not applicable to the continuous PWM
system. Song et al. [17] presented a hybrid neutral-point voltage
fluctuation control method combining a dynamic adjustment factor
with a voltage deviation of two DC-link capacitors in a VIENNA
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rectifier system. However, the selection of adjusting factors relies
on engineering experience and lacks theoretical basis.

The major contribution of this paper is to present two neutral-
point oscillation control methods with a simplified method based
on zero-sequence component injection and a dual-carrier PWM
method to suppress the voltage deviation of the split DC-link and
three-time fundamental frequency neutral-point voltage oscillation
in a hybrid-type VIENNA rectifier.

2 Methodology
2.1 Topology analysis of hybrid VIENNA rectifier

The topology composition of the hybrid VIENNA rectifier is
shown in Fig. 1 [18]. The hybrid VIENNA rectifier is a rectifier
system connected by a diode rectifier cascade BOOST converter
and VIENNA rectifier which is shown in Fig. 2. From Fig. 2, the
two rectifiers connected in parallel, respectively, take part of the
power of the system. In this way, the current and power stress of
the semiconductor switch is reduced [19].

2.1.1 Analysis of neutral-point voltage imbalance: According
to the topology structure shown in Fig. 2, the equation of DC-link
capacitor voltage and current can be obtained as follows:

1 t
— [ i.dt
UCl UC 10 Cl [ ]
= + (1)
Uc, Ucy 1 ‘.
a czdl
0

Uc1o and Uy are the initial voltages of C| and C,, respectively.

It can be seen from (1) that the voltage of the capacitor at the
DC-link is not only related to the initial value of the capacitor
voltage Ucyp and Ucyp, but also to the charge—discharge current
between the two capacitors. The charge—discharge current that
flows through these two capacitors will cause the neutral-point
current i, to contain low-frequency AC oscillation and DC offset,
which will cause the voltage deviation of the two capacitors in the
DC-link. Based on the analysis of a large number of references
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Fig. 1 Topology composition of the hybrid VIENNA rectifier
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Fig. 2 Topology of the hybrid VIENNA rectifier
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Fig. 3 Forms of neutral-point fluctuation

about the neutral-point fluctuation control of three-level converter,
the form and cause of neutral-point voltage unbalance can be
summarised as Fig. 3 [20-23].

According to (1) and (2), it is easy to know that the unequal
current between the two charge—discharging capacitors in the split
DC-link is the reason for the deviation of the two capacitance
voltages.

Therefore, it is necessary to analyse the charge—discharging
characteristics of two capacitors in the split DC-link by
establishing the mathematical model of the neutral-point current i,
so as to find an effective method to solve the voltage unbalance
between two capacitors in DC-link of the hybrid VIENNA rectifier.

2.1.2 Neutral-point current mathematical model: According to
Fig. 2, the DC-link equation can be obtained as follows:

dug, ,
ip 1) C dr — lLd
.= i, + 2
W) =V o Qe
4 lLad>
. . . du, du,
o= —(ic1 + i) = Czd_tz -C dtl
Sa \[la 3)
iy = Sy | iy
SC iC

S; represents the switching state, and this switching state is defined
as follows:

0 S;on.
si=11 Sioff, w>0, i=ab.c... 4)
-1 Sl'Off, Mi<0.

To simplify the analysis, the initial voltage of the capacitors is
ignored; supposing uq; =uc(f), us=usH(t), and by integrating
from (3), we have

t ' Sa
Cotiey — Ciutg = / i,dt = f A\ iy 3)
0 0 .

The value of capacitor Cj is equal to capacitor C, in the ideal state;
therefore, the neutral-point current expression is shown in the
below equation

. ducz ducl
o= C( dr ~ dr )

io = (la + ib+ lc) - (l”alia"' |ub|ib+ |uc|lc)

(6)

where u,, up, and u, are the three-phase modulation signals, which

are produced by closed-loop control.

As is shown in Fig. 4, the three-phase modulation signals can be
divided into six sectors and each sector is 60° apart. Taking the
sector 4 as an example, the three-phase modulation signals can be
written as follows:

U, < 0,1, < 0,u. > 0. @)

Substituting (7) into (6), the fundamental frequency neutral-
point expression can be rewritten as follows:

io = (ia + ib + lc) + (uaia + Mbib - ucic) (8)
The sum of three-phase input is zero when the system is symmetric
and balanced. Then, the neutral-point current can be rewritten as
follows:

Iy = Ugly + Uply — U, Q)

The sum of the three-phase modulation signals is zero in a normal
three-phase system, which can be given by

U, +up+u.=0 (10)

The three-phase current instantaneous value can be expressed as

(11) when the hybrid rectifier is controlled by a closed-loop control
system and with unit power factor

i=k-u, i=a,b,c (11)
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Fig. 4 Sector division of the hybrid VIENNA rectifier

where k =1i;/u; is the ratio index between the input current (i;) and
the reference input voltage (u;), the amplitude u; is a constant
positive value obtained from grid voltage. The i; can be expressed
as

. . Pi

i = A3uUiicos @; = i = ———— 12
Pi \/— il @i i (\/gu[COS (ﬂi) ( )
where p; is the input active power, and cos@; = 1 when a unity

power factor is obtained using a closed-loop control.
With (8)—(11), the neutral-point fundamental frequency current
can be expressed as follows:

iy = — 2kupu, (13)

In sector 4, u, and u;, have the same polarity. From (13), it is easy
to know i,<0, which expresses that the neutral-point current is less
than zero in sector 4 with capacitor C; charging and C,
discharging. The expressions of neutral-point current i, in the other

five sectors can be calculated in the same way.
The waveform of neutral-point current i, is drawn according to

the above equation as shown in Fig. 5. From the waveform, it can
be seen that the neutral-point presents a three-time fundamental
frequency oscillation changing with a sinusoidal tendency in real
time.

2.2 Simplified algorithm of neutral-point control based on
zero-sequence component injection

According to Fig. 2, the DC-link capacitance voltage deviation
expression can be obtained

Ap=Uci—Ux, (14)

The three-phase modulation signals compensated by the ac
component v, can be divided into two parts

dizu,-+vac (15)

where u; is the three-phase modulation signal before compensating
and v, the AC compensation component.

Substitute (4) into (5), and follow the constraint relation in the
equation, the expression of the neutral-point average current in a
period can be obtained

Io = (1= lual)ig + (1 = luphip + (1 — |ucl)ic (16)

According to (15) and (16), the new neutral-point current
expression can be obtained as follows:

iy = — (lda|ia + |dh|lb + |dc|lc) (17)
According to the working principle of the three-phase hybrid

VIENNA rectifier, three-phase input voltage and input current
should always be in phase. Therefore, the input current and input
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Fig. 5 Ideal waveforms of input current, neutral-point current i,, input
current with i, capacitor voltage deviation, zero-sequence components

modulation signal of phase a, and dual carrier with the corresponding
PWM wave

voltage are of the same polarity. If d;>0, i;>0. If ¢;<0, i;<0. |d] and j;
can be expressed as follows:

|di| = di(sign(i;) — sign( — ;) (18)
The symbolic function shown in (18) is defined as follows:

. 1 x>0
sign(x) = 0 x<0 (19)

From (17) and (18), the expression of the neutral-point average
current i, can be written as

—iy = a(Sign(ia) - Sigl’l( - ia))ia
+d(sign(ip) — sign( — iy))ip (20)
+d, (sign(i,) — sign( — i.))i,

The absolute value of the input current can be expressed as



li;| = i(sign(i;) — sign( — i) 21
Then from (17), (20), and (21), i, can be written as
iy = — (dalia| + dbllbl + dallcl) (22)
In order to remove the voltage deviation of DC-link two capacitors,
the neutral-point current i, must be equal to zero in each sector as
well as can be written as
ib=0 (23)

Therefore, from (15), (22), and (23), the AC compensation
component of the neutral-point fluctuation can be obtained by

ualial +uh|ih| +uc|ic|
Voe = — : - - 24
e il + Tipl + 12 24)

In order to remove the DC-link capacitor voltage deviation
effectively, the DC compensation component formed by DC-link
two capacitors voltage deviation is added to this compensation
expression. In this way, the compensation expression (Vo) based
on zero-sequence component injection formed by AC and DC
compensation components can be written as

Veom = Vac + Aye (25)

A closed-loop control block diagram of the hybrid VIENNA
rectifier based on the above simplified neutral-point voltage
balance control is shown in Fig. 6. The zero-sequence component
injection compensation expression (Vo) is composed of an AC
compensation component v,. and a DC compensation component
A, The three-phase reference voltage signals compensated by
these zero-sequence components are used as new modulated
signals to realise neutral-point voltage balance control of the hybrid
VIENNA rectifier system.

2.3 Neutral-point balance control based on dual-carrier PWM
method

The modulation waves u,, up, and u,. can be expressed as

u, = mcos(wt)
up = mcos(wt — 2x/3) (26)

u. = mecos(wt + 2x/3)

where m is the modulation coefficient, and 0 < m < 1. When the
zero-sequence component is injected, the value of m can be >1.

From [24], the phase pulse-width duty cycle is defined as the
ratio of the positive or negative phase voltage pulse width in the
carrier period. The phase pulse-width duty cycle d, can also be
defined as the ratio of the modulation wave instantaneous value
(=1 —1) to the corresponding carrier amplitude (1 or —1). It can be
expressed as: d, = |u,]. Therefore, in the dual-carrier modulation,
the same principle can be used to define the positive state duty
cycle dy, as the ratio of the positive modulation wave uy, to the
corresponding positive carrier amplitude, which can be expressed
as dy, = u,,. The negative-state duty cycle d,, is the absolute value
of the ratio of the negative modulated wave u,, to the
corresponding load wave amplitude, which can be expressed as:
dy, = |uy,|. The zero-state (connecting to o) duty cycle d, (x=a,
b, ¢) can be defined as the ratio of zero-state duration in a carrier
period to the whole period, and all the duty cycles should satisfy
the constraint: dy, + d,,, +dy, = 1.

In general, the phase modulation wave consists of positive
modulation wave u,, and negative modulation wave u,,, which can
be written as

] = Jusp| + 27)
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Fig. 6 Control system block diagram of d—q-axis cross-decoupling control
based on the simplified neutral-point control method

Therefore, the relationship between the zero-state duty cycle dy,
and the x-phase modulation wave u, (x=a, b, c) is as follows:

dxo =1- |u1| (28)
From (16) and (28), the neutral-point current i, can be written as
io = dyoly + dpoip + deoie (29)

The neutral-point average current i, should be controlled to be zero
all the time, so that the oscillation of the neutral-point voltage can
be suppressed under any circumstances. In a control cycle, the
expression of the neutral-point current i, is shown in (29). For a
three-phase three-wire system, the sum of the three-phase input
currents is zero when the system is balanced, namely i, + i, +i.=0.
If the zero-state duty cycle of each phase is the same, that is, d,, =
dpo = d.,, the neutral-point average current can also remain zero.
For any modulation strategy, phase current should be always
function as its corresponding original modulation signal, otherwise
the input current would be distorted. The hybrid VIENNA rectifier
input voltage is exactly the same as the current waveform, so the
original modulated wave needs to be consistent with the input
voltage. The average voltage of any phase during a carrier cycle is
dyy—dy,. Then, the equation of the modulation voltage signal
between phase a and phase b, phase b and phase ¢ can be expressed

as
(dap — dan) — (dpp — dpn)

= (Uap — (= Uan)) — (Upp — (= Upy))
= Ug — Up

(dpp = dpn) — (dep — den)

= (upp — (= tpp)) — (e — (— Uep))

= Up— U,

(30)

The aim is to make the zero-state duty cycles of the three phases
completely equal, which means d,=d,, = dp,=d,,, and to satisfy
the constraint equation shown in (30).

If the method of double modulation waves is used, there will be
three states for each phase to output in one carrier cycle, and then
the positive duty cycle and the negative duty cycle can be flexibly
distributed. The expression of the negative duty cycle is written as:
dgp=1—dy=dy, dpy=1—dp,=d, and d;, = 1 — d,—d,,. Substituting
them into (30), one can get the following expression
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Fig. 8 Waveforms of modulation and duty cycles (m = 1)
(a) Original modulation waveforms, m = 1, (b) Positive, negative, and zero-state duty
cycles of phase a in the proposed method

Zdap - 2dbp = Uy, — U

(€2))

2dy, — 2d.p = up — U,
It can be solved by the above equation

dap = Ma/Z + doff
dbp = Mb/2 + doff (32)
dcp = u./2 + dyg

where dyg represents the offset. Table 1 shows the positive duty
cycle, negative duty cycle, and zero-state duty cycle expressions
for each phase.

In these expressions, the values of dyg and d,, are unknown, so
the next step is to get them. There are many ways to solve the
above problems. This paper chooses to solve the problem with
reducing switching loss as the optimisation goal.

Assuming that the output has two states in one carrier cycle,
such as non or npn, then the two switches will be turned on and off,
and the switching action is 4. If the output has three states, then the
number of switches will become 8. Therefore, in one carrier cycle,
one of the positive or negative duty cycles is preferably zero, and
there are only two states for a phase output, so that the switching
losses can be reduced.
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Table 1 Duty cycles of each phase in a carrier period

Phase dyp dyn dyo
a Ugal2 + doff 1-do— Ual/2 - dosf do
b upl2 + doff 1= do — Up/2 = doff do
c Ugl2 + dof 1 = d — Ug/2 — dof do
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Fig. 9 Generation process for the modulation waveforms

The three-phase modulation waves are divided into 12 sectors,
each interval is 30°, which is shown in Fig. 7.

In sector 1, u,>0, up<0, u.<0, and u, is the minimum, in this
case, the minimum value of the three-phase positive state duty
cycle dy, is dp, = up/2 + dygy. 1f one sets dy, as zero, the offset value
is dogr=|upl/2. The minimum of d,, is d,,=1—dy—u,/2 —dyg. If
dgy, 1s set to be zero, the zero duty cycle is dy=1—u,/2 —dyg=1—
Uyl 2—|up|/2.

In sector 4, u, >0, up >0, u.<0, and u, is the maximum. In this
case, the minimum value of the three-phase positive state duty
cycle dyy, is dep, = u/2 + dogr. If one sets d, as zero, the offset value
is dogr=|uc)/2. The minimum of dy, is dg,=1—dy—u,/2 —dyg. If
dgy, 1s set to be zero, the zero duty cycle is do=1—u,/2 —dyg=1—
Ugl2 = uc|/2.

The situation for other sectors is similar. Therefore, the offset
value d,g and zero-state duty cycle d, can be summarised as the
following expression

dott = | Unin| /2

(33)
do =1- umax/z - |umin|/2

where Ui, = min{u,, up, u.}, and vy, = max{u,, up, u.}. Since u,
+up+u.=0, it is obvious that #,;,<0 and u,;,,,>0, then (33) can be
rewritten as
dot = — tin! 2
(34)
dy =1 = a2 + 2

When the modulation coefficient m is equal to 1, the original three-
phase modulation waves and the duty cycles of the a-phase
proposed herein are shown in Fig. 8.

Now the optimal solutions to dxp, dxn, and do have been
obtained, and the next step is to generate the modulation
waveforms. Each phase has two kinds of modulation waves: uy,
and uy, (x=a, b, c). Corresponding to it, u,, is a positive
modulated wave, which can produce two states — p and o, and u,,
is a negative modulated wave, which can produce the states of n
and o. The modulation wave generation process is shown in Fig. 9.

As is shown in Fig. 9, the blue line indicates the state of the
output of the modulation signal u,,, and the red line indicates the
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switching sequence is rearranged reversely

Table 2 Duty cycle of each phase with voltage balance
control

Phase dyp dyn do
a Ual2 + doff = Ado/2 1= Adg=Ug/2 = dofi— Adg/2  do + Adg
b Up/2 + dof 1= Adg—Up/2 - doff do
c Uel2 + doff— Ado/2 1= Adp—Ug/2 = doff ~ Ado/2  do—Ady

Uy D
Ugp, b
s .
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Equation (36)

dxp, dvy (x=0,b,C)
TABLE II .
oy d, Ua
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(38),39) 4d, Au
Ugd Up} U

d-q axis cross-decoupling
control

AA PWM Carrier

Fig. 11 Control system block diagram of d—q-axis cross-decoupling
control based on the proposed dual-carrier PWM method with neutral-
point voltage balance control

output state of u,,. The green line indicates the combination of the
two output states, which is reversely reordered and the duty cycles
are consistent with the previous states. When u,>0, the switch is
turned on while the carrier wave is larger than the modulation
wave, the positive state duty cycle is dy,, and u,, = d,,, at this time;
when u,<0, the switch is turned on while the carrier wave is
smaller than the modulation wave, and the negative-state duty
cycle is d,,. So, the dual modulation waveforms u,, and u,, can be
expressed as

Uyp = dxp

35
Uy =y — 1 33)

In order to facilitate the implementation of simulation and
experiment, the carrier with positive amplitude in dual carrier is
reserved, and the negative carrier wave is inverted. Then, the
double modulation waveforms u’,, and u', for the phase with
reversed switching sequence can be expressed as

u'y,=d
xp xXp (36)

’ —
Mxn_l_dxn

If phase a is chosen to reverse its switching sequence, according to
the duty cycles of phase a in Fig. 8b, the positive and negative
modulation waveforms of phase a can be drawn in Fig. 10.

In order to recover from the DC-link capacitor voltage
imbalance, the phase duty cycles could be modified to control the
neutral-point current to charge or discharge the DC-link capacitors.
For example, if i, is the maximum and i, is the minimum of the
output currents, it is obvious that i, >0, i.<0. The modified neutral-
point current can be expressed as

lo = daoly + dpoip + deole
= (dy + Ady)i, + doip, + (d, — Ad,)i. (37
= Ady(i, — i.)

where Ad, is the modified zero-state duty cycle. If the DC-link
capacitor voltage U,; is lower than U,,, the modified zero-state
duty cycle Ad,, is set to be positive. So, the neutral-point current is
charged by C; and discharged by C,, and vice versa. If the zero-
state duty cycle of one phase has been modified, the positive and
negative-state duty cycles should also be modified to satisfy the
constraint equation dy,+d,, +dyx, =1. With neutral-point voltage
balance control, the duty cycles of each phase are listed in Table 2.
Assuming Upin 4 and . g are

Unin_d = min {u, — Ad,, up, U, + Ad, } 38
U a = X {1ty + Adly 1, — AdL ) %)

Since the sum of all the elements in the bracket is zero, it is
obvious that uyj, 4<0 and uy, d>0. The minimum of dxp (x=a,
b, ¢) iS Upyin 42 +_d0ff, and the minimum of dxn (x=a, b, ¢) is 1 —
Umax_d/2 — dy— dogr. The optimisation objective is still to make the
switching numbers minimum in one carrier period; thus, the offset
value d¢r and zero-state duty cycle d, can be derived as

doff = — Unin_al2

(39)
do=1 =ty a2 + Uiy al2
The schematic of the proposed double modulation method with
neutral-point voltage balance control is shown in Fig. 11, and a
proportional-integral (PI) controller is used to obtain the modified
zero-state duty cycle Ad,,.
Under the proposed modulation strategy, the neutral-point
current i, could be kept to zero, so the low-frequency voltage
oscillation on the neutral point is eliminated.

2.4 Improvement mechanism of input current THD by
neutral-point control method

The equivalent circuit of a single-phase VIENNA rectifier is shown
in Fig. 12. According to Fig. 12 and Kirchhoff's current law, it is
easy to know that the neutral-point current i, is a part of input
current i,, in the equivalent circuit of phase a. Thus, the neutral-
point current would make an impact on the input current
performance.

As analysed in Section 2.1.2, the waveform of the ideal neutral-
point current i, can be drawn as shown in Fig. 5. As can be seen in
Fig. 5, the neutral-point current i, expresses a three-time
fundamental  frequency fluctuation. According to the
aforementioned relationship between the input current i,, (input
current of phase a) and i,, the input current i,; presents a saddle-
wave including three-time fundamental frequency i, as shown in
Fig. 5 when neutral-point fluctuation is not controlled.
Furthermore, according to the characteristics of capacitance, the
neutral-point current lags the voltage deviation of DC-link two
capacitors by 90°, and the neutral-point voltage deviation can be
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Fig. 13 DC-link capacitors voltage deviation measured with

(a) A DC channel, (5) An AC channel under the no neutral-point control method, the
simplified algorithm of neutral-point control method, and the neutral-point control
based on dual-carrier PWM method

obtained as shown in the fourth waveform in Fig. 5. According to
(25), the waveform of zero-sequence components V., as well as
its corresponding PWM can be drawn as the fifth and sixth waves
of Fig. 5. As is shown in Fig. 5, the pulse width of wu oy is
inversely proportional to the magnitude of ucqy; thus, the
fluctuation of capacitor voltage deviation and neutral-point current
can all be compensated by using this PWM, and thereby, the low-
frequency harmonic of input current is reduced by the
aforementioned neutral-point compensated method. According to
the modulation waveforms shown in Fig. 5 and the modulation
strategy applied in the closed loop, it is easy to obtain the PWM
signals as shown in the last picture of Fig. 5. As can be seen from
the PWM waveforms, since the waveform of the modulation wave
is changed, which is sunken at the peak to form a saddle-shaped
wave, so that the pulse-width of the PWM wave at the modulation
peak is reversely changed, and this change compensates for the
low-frequency harmonics of the input current caused by the
neutral-point potential fluctuations.

2.5 Comparison between the two neutral-point control
methods

In this section, a comparison of two neutral-point control methods
between the simplified algorithm based on zero-sequence
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component injection and the dual-carrier PWM algorithm will be
carried out.

In order to compare the control performance of the two control
methods more clearly, in this section, the suppression effect of the
neutral-point current, the suppression effect of three-time
fundamental frequency neutral-point voltage oscillation, the THD
of input current, the voltage deviation of DC-link capacitors, and
the computing time of the two algorithms in controller will be
taken into account.

It can be seen from Section 2.2 that the simplified algorithm of
neutral-point control method mainly suppresses the neutral-point
current by the compensated component (V) calculated by (24)
and (25). However, the DC-link capacitance voltage deviation
takes up a large weight in the compensation component (V.om),
which makes the ability to suppress capacitance voltage deviation
instead of neutral-point current. It also can be seen from Section
2.3 that the neutral-point control based on dual-carrier PWM
method makes the three-phase zero-state duty cycle d o =dpo=d,o
=d, always satisfied in any time. According to the neutral-point
expression i, =d, i, + dpoipt deoic, it is easy to know that the
neutral-point current i, can always remain zero. Therefore, the
second method has a better effect on suppressing the neutral-point
current. Three-time fundamental frequency current is the main
component of the neutral-point current i,. From the above analysis,
the neutral-point control method based on dual-carrier PWM
method has a better suppression effect on the neutral-point current.
Therefore, it is obvious that this method has a better effect on
suppressing the three-time fundamental frequency fluctuation of
the neutral-point current. More specifically, seen from in Fig. 5, the
compensated signal u,” obtained from the dual-carrier PWM
method is a saddle-wave including the three-time fundamental
frequency component, the pulse width u,’ is inversely proportional
to the magnitude of compensated signal, thus, the second method
has a better effect on suppressing the three-time fundamental
frequency fluctuation of neutral-point current, which is also
reflected in Figs. 13 or 14. As described in Section 2.4, the
midpoint current of the low-frequency oscillation is the primary
source of low-order harmonics in the input current, while the low-
frequency harmonic components directly affect the THD of the
input current. According to the above analysis and the conclusion
at the end of Section 2.4, the second method has a better
suppression effect on the low-frequency fluctuation of the neutral-
point current, and has a lower THD of input current compared with
the first method. In the process of controlling the capacitance
voltage deviation, although the component (V) in the first
method contains the DC compensation component, the weight is
fixed. The second method compensates the modulated wave by
using Ad, = (k, + (ki/S))A,., and the adopted PI controller makes
the voltage deviation of the DC-link capacitors always tend to zero.
Accordingly, the second method has a better suppression effect on
the voltage deviation of the DC-link capacitor. About the CPU
processing time of the two algorithms, the first method
compensates the modulated wave by calculating the zero-sequence
component using (14)—(25). The component (V) is complicated
to calculate and its CPU operating time is long. The second
method, through the combination of table lookup (Table 2) and
calculation, only performs simple calculations [(26), (38), and (39)]
in each control cycle, the complexity of the second method is
greatly reduced, and the operating time is short. Seen from the
experimental test waveforms of the operating time of the two
methods for the code through a GPIO output of controller as shown
in Fig. 15, the operating time of the second neutral-point control
methods just costs 7.5 us, which is significantly shorter than the
operating time of the first method. The performance comparison of
neutral-point balance control between the two proposed control
methods is shown in Table 3.

2.6 Loss comparison analysis between the hybrid VIENNA
rectifier and VIENNA rectifier

The hybrid VIENNA rectifier is composed of the parallel
association of a TPSSBR and a VIENNA rectifier, each rectifier in
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Fig. 14 Harmonic analysis of input phase current of the hybrid VIENNA
rectifier

(a) Without, () With the proposed simplified algorithm of neutral-point control
method, (¢) With the neutral-point control based on a dual-carrier PWM method

this topology processes part of the output power P,. As mentioned
in [1], the power allocation ratio between VIENNA rectifier and
boost rectifier in this hybrid topology is ~0.55:0.45. If the same
output power is generated by the hybrid VIENNA rectifier and

Tek S @ Stop M Pos: 9,165ms
operating time of the first control method

¢ V' >
25 us
P
2
=
>
% operating time of the second control method
7.5 us
2 prrm e et et e e
. +
#(5 us/div)

Fig. 15 Operating time of the two neutral-point control methods

Table 3 Comparison between the two neutral-point control
methods

Performance Control method
Simplified Neutral-point
algorithm of  control based on
neutral-point  dual-carrier PWM
method method

neutral-point current i reduced further reduced

three-time fundamental reduced further reduced

frequency component

input current THD reduced further reduced

DC-link capacitor voltage reduced further reduced

deviation

computing resources of more little

control method

VIENNA rectifier, then just the power 0.45P, is different, which is
obtained by boost circuit in the hybrid rectifier while is also
generated by VIENNA circuit in VIENNA rectifier, thus, the loss
comparison between the hybrid VIENNA rectifier and VIENNA
rectifier is equivalent to compare the loss for 0.45P, obtained by
boost rectifier (Fig. 16b) or VIENNA rectifier (Fig. 16¢).

There are the same three-phase diode rectifier bridges with the
same loss between boost rectifier as shown in Fig. 165 and
VIENNA rectifier as shown in Fig. 16c. The difference is the
component quantity and its loss for switch, diode, and inductor
during these two topologies. There are six switches in VIENNA
rectifier but one switch in boost rectifier, thus, the switch loss in
VIENNA rectifier is higher than the switch loss in boost rectifier
for obtaining this 0.45P,, which enable the switch loss of VIENNA
rectifier is higher than the switch loss of the hybrid VIENNA
rectifier. The diode loss of VIENNA rectifier is higher because of
including more diodes than boost rectifier; so, the VIENNA
rectifier provides the higher diode loss compared with the hybrid
VIENNA rectifier because this part of power (0.45P,) is processed
by boost rectifier with less diode loss in the hybrid VIENNA
rectifier. The VIENNA rectifier contains three boost inductors (L,
Ly, L.); however, boost rectifier contains two boost inductors (L,
L»). The inductors (Lyy, Lgp, Lge) of boost rectifier in AC-side are
filter inductors for filtering the current surge spike with small
inductance value, then, this inductor loss can be ignored because of
a very small loss compared with boost inductor loss [1]; thus, boost
rectifier because of including less boost inductors provides the
lower inductor loss than VIENNA rectifier, which enable the
hybrid VIENNA rectifier owns the lower inductor loss compared
with VIENNA rectifier. Considering the loss of switch, diode, and
Boost inductor, the hybrid VIENNA rectifier provides a lower total
loss as well as own a higher efficiency compared with VIENNA
rectifier because part of power is processed by boost rectifier with
less loss in the hybrid VIENNA rectifier, this conclusion is also
mentioned in [1].
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Fig. 17 Experimental prototype

3 Results

In order to verify the feasibility of the two control methods shown
in Figs. 6 and 11, respectively, a power experiment platform was
built controlling by a 32-bit DSP-type TMS320F2812, which is
shown in Fig. 17, and the experimental parameters are shown in
Table 4.

Figs. 18a and b show the input voltage, input phase current of
the hybrid VIENNA rectifier (i.), input phase current of VIENNA
(rectifier A) (i4c), input phase current of a single-switch three-
phase boost rectifier (rectifier B) (iz), and the fundamental
harmonic of input current (i;) without the proposed neutral-point
balancing control methods in a hybrid VIENNA rectifier. It can be
seen that boost rectifier takes a part of the input current of this
hybrid rectifier as well as reducing the current stress of the
VIENNA rectifier. The THD of input current (i) is 4.23%, which
is lower than THD =5%, illustrating that the hybrid VIENNA
rectifier has a good performance in low current THD and power
factor (PF) under the d—g-axis cross-decoupling control system.
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Table 4 Experimental parameters

grid voltage 100 V/50 Hz
DC-link voltage reference 200V
load resistor 90Q
AC-boost inductor (Lg, Lp, L) of VIENNA 10 mH
DC-boost inductor (Lg1, Lg2) of boost circuit 2.5mH
AC-filter inductor (Lqa, Lgp) of boost circuit 0.07 mH
DC-link filter capacitor 3300 uF
switching frequency 10 kHz

SC

le 4lac
(2A/div)(5A/div) (50V/div)
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i de

#(5 ms/div)
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Fig. 18 Input voltage, input current, and harmonic order of the hybrid
VIENNA rectifier without neutral-point control

(a) Input voltage and input current of the hybrid VIENNA rectifier, input current of
VIENNA rectifier and boost rectifier, (5) Harmonic order of input phase current of the
hybrid VIENNA rectifier

Fig. 19 shows the waveforms of input phase current (i.), the
voltage of two DC-link capacitors (Ucy, Ues), and capacitors
voltage deviation (Up;—Uy) without and with the neutral-point
control method. The DC-link voltage is measured with a DC-
coupling channel. Fig. 19a is the capacitors voltage deviation
(Uc1—U¢p) without the neutral-point control, and it can be seen
that the voltage deviation (Uc1—Ucs) is up to 5 V. Fig. 195 is the
capacitors voltage deviation (Ug—Ugp) with the proposed
simplified algorithm of neutral-point method, and it can be seen
that the voltage deviation (Up;—Ug») is reduced to 3.2 V. Fig. 19¢
is the capacitors voltage deviation (Uci—Uc;) with the neutral-
point control based on a dual-carrier PWM method, and it can be
seen that that voltage deviation (Uc—U¢p) is further reduced to
2.4 V. Therefore, the neutral-point voltage fluctuation is effectively
reduced in the two control method, which verifies the validity of
the proposed scheme.

Fig. 20 shows the waveforms of input phase current (i.), the
voltage of two DC-link capacitors (Ucy, Ucs), and capacitors
voltage deviation (Uc—Ucp) without and with the neutral-point
control method. The DC-link voltage is measured with an AC-
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Fig. 19 Waveforms’ comparison between

(a) Without the neutral-point control, (5) With the proposed simplified algorithm of
neutral-point control method, (¢) With the neutral-point control based on dual-carrier
PWM method. (@)—(c) Scoping with a DC channel

coupling channel. Fig. 20a is the capacitors voltage deviation
(Uc1—Uy) without the neutral-point control, and it can be seen
that the voltage deviation of two DC-link capacitors (Uc1—Urp) is
up to £3 V, which reflects the neutral-point current that presents a
three-time fundamental. Fig. 205 is the capacitors voltage deviation
(Uc1—Uy) with the proposed simplified algorithm of neutral-point
method, and it can be seen that the voltage deviation of three-time
fundamental frequency component has decreased to +1.6 V, which
does effectively suppressed the capacitors voltage deviation when
using the simplified algorithm of neutral-point method. Fig. 20c is
the capacitors voltage deviation (Uc;—U,) with the neutral-point
control based on a dual-carrier PWM method, it can be seen that
the voltage deviation of three-time fundamental frequency
component fluctuations is up and down around zero, and it is
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Fig. 20 Waveforms’ comparison between

(a) Without the neutral-point control, (5) With the proposed simplified algorithm of
neutral-point control method, (¢) With the neutral-point control based on dual-carrier
PWM method. (@)—(c) Scoping with an AC channel

measured within +1V, which verifies a better validity of the
neutral-point control based on a dual-carrier PWM method.
Compared with Figs. 19 and 20, the changing trend of the DC-
link capacitors deviation measured with DC and AC channel can
be seen in Fig. 13. From Fig. 134, the voltage deviation (Uc;—U¢s)
has gradually decreased when using the proposed neutral-point
control methods compared with that without the neutral-point
control method. In Fig. 135, the voltage deviation of the three-time
fundamental frequency component of two capacitors has also
gradually decreased when using the proposed neutral-point control
methods compared with that without the neutral-point control
method. Moreover, the neutral-point control based on a dual-carrier
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PWM method is more effective for neutral-point fluctuation control
than the simplified algorithm of neutral-point method.

Fig. 14 shows the harmonic magnitude of the input phase
current without the neutral-point balancing control and that with
the proposed two neutral-point control methods, which are
obtained using a harmonic analyser. Fig. 14a shows the input phase
current THD without the neutral-point balancing control and it is
3.9%. The second harmonic, the third harmonic, and the fourth
harmonic of the input phase current are 0.0113, 0.0135, and 0.0111,
respectively. Fig. 14b shows the input phase current THD under the
proposed simplified algorithm of the neutral-point balancing
control method and it is 4.67%, which is higher than the THD
without the neutral-point balancing control. However, this THD
value is also lower than THD = 5% with the supply-side criterion.
The second harmonic, the third harmonic, and the fourth harmonic
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of the input phase current are 0.0077, 0.0063, and 0.0052,
respectively. Fig. 14c shows the input phase current THD under the
neutral-point control based on dual-carrier PWM method and it is
4.63%, which is higher than the THD without the neutral-point
balancing control, but this THD value is also lower than THD =5%
with the supply-side criterion. The second harmonic, the third
harmonic, and the fourth harmonic of the input phase current are
0.0057, 0.0052, and 0.0043, respectively. Fig. 21 shows a harmonic
comparison using a relative value with and without two proposed
neutral-point balancing control methods. Comparing the second
harmonic, the third harmonic, and the fourth harmonic in the three
conditions, it can be seen that after adding two neutral-point
balancing control methods, the THD of the input phase current has
increased and THD value is also <5%, but the second, third, and
fourth harmonics of the input phase current are decreased
compared with those have not applied the neutral-point balancing
control method. This shows that the two neutral-point balancing
control methods have the ability to suppress the low-frequency
input currents harmonics. Moreover, the neutral-point control
based on dual-carrier PWM method has better effects on
suppressing the low-frequency input currents harmonics than the
simplified algorithm.

Fig. 22 shows the effect comparison between waves of different
neutral-point control methods under the unbalanced loads
conditions (Cj: 1100 pF, Cy: 1650 uF, Ry: 40 Q, Ry: 50 Q). The
equivalent circuit of the abnormal load condition is shown in
Fig. 23. From waves, it can be seen that the voltage deviation
(Ue1—Uy) is effectively suppressed when using the proposed two
neutral-point balancing control methods compared with that
without the neutral-point balancing control. Furthermore, by
applying the simplified algorithm of neutral-point control method,
the voltage deviation (U.,;—U,) is further suppressed, and the
neutral-point voltage fluctuation has been effectively reduced,
which verifies the validity of the proposed simplified algorithm of
neutral-point control method and can be applied in the abnormal
operating condition such as unbalanced load.

4 Conclusion

This paper presents two control methods to solve the problem of
the voltage deviation of DC-link capacitors in a hybrid rectifier
composed of a three-level VIENNA rectifier and a three-phase
single-switch boost-type rectifier. The voltage deviation of DC-link
capacitors can be effectively reduced and the three-time
fundamental frequency component of neutral-point current can be
eliminated by wusing the two proposed control methods.
Specifically, one neutral-point control algorithm based on zero-
sequence component injection simplifies the computing resource
and has a good effect on controlling the voltage deviation. Another
neutral-point control algorithm based on dual-carrier PWM method
needs to divide the three-phase modulation signal into 12 sectors,
and then calculates the corresponding modulation waveform in
each sector to suppress the voltage deviation, and this method has a
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better controlling effect on suppressing the voltage deviation of
DC-link capacitors even under the abnormal condition such as
unbalanced loads. In addition, the hybrid VIENNA rectifier, after
being introduced to the two methods, still exhibits a low input
current THD. Moreover, these neutral-point methods are also very
suitable for practical implementation. This hybrid rectifier in this
paper is expected to be applied in a retrofit project as a frond-end
AC/DC power supply of charging pile used for an electric vehicle
where a three-phase diode rectifier already exists.
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