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A Novel Segmented Component Injection Scheme to
Minimize the Oscillation of DC-Link Voltage
Under Balanced and Unbalanced

Conditions for Vienna Rectifier

Wenlong Ding
Naxin Cui

Abstract—This paper investigates a Vienna rectifier as a charger
for series-connected battery packs. Focusing on carrier-based
pulsewidth modulation (CBPWM), the ripple current flowing
through the neutral point (NP) results in the voltage oscillation if
the loads are resistive. To reduce the ripple of average NP current
with mitigated distortion under balanced and unbalanced dc-link
voltages conditions, a novel CBPWM with segmented component
injection scheme (SCIS) is proposed in this paper. After dc com-
ponent injection, continuous intervals for optimized component
injection and clamping intervals for compensation component in-
jection are identified. Optimized components are calculated origi-
nally based on unbalanced factor to make the average NP current
zero-size in one switching period. Moreover, unique compensation
components generate suitable NP current to shape the sinusoidal
input currents according to the circuit analysis. In consequence,
the SCIS not only keeps the input current with low-harmonic dis-
tortion, but also minimizes the oscillation of dc-link voltage under
balanced and unbalanced conditions. In addition, the value of the
NP current during the clamping intervals is analyzed under var-
ious operating conditions. The effectiveness and the performance
of the proposed SCIS are verified by simulation and experiments.

Index Terms—Optimized components, oscillation of dc-link volt-
age, segmented component injection scheme (SCIS), unbalanced
condition, Vienna rectifier.

I. INTRODUCTION

HE market of plug-in hybrid electric vehicles (PHEVs)
I and electric vehicles (EVs) is increasing rapidly over the
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last decades due to the oil crisis and atmospheric contamina-
tion. Usually, these vehicles are equipped with the propulsion
battery, which supplies high dc voltage (250-400 V) to drive the
vehicle. According to standard SAE J1772, off-board chargers
(typically fast chargers) and on-board chargers (typically slow
chargers) are used to perform the battery charging process by
connecting to the ac grid [1]. Taking the conversion of ac to dc
voltages into account, the main solutions are based on passive
converters (e.g., 12-pulse diode rectifier [2]) or active con-
verters [e.g., Vienna [3], Swiss [4], and neutral-point-clamped
(NPC) rectifier [5]]. In comparison with passive rectifiers,
active rectifiers are more outstanding in terms of lower total
harmonic distortion (THD) and higher power factor (pf).
Among the two- and three-level pulsewidth modulation (PWM)
converters, Vienna rectifier has attracted much attention due to
the advantages of simple structure and control scheme, fewer
driving circuits, low device voltage stress, and high-power
density [6]. Therefore, it is widely used as a unidirectional front
stage in the application of the battery charger [7].

In general, chargers are designed with the two-stage system
consisting of an ac—dc converter as front stage and a dc—dc
converter as the second stage. In [8], a dual-port charger is
proposed using two separated dc—dc converters to charge two
batteries simultaneously shown in Fig. 1(a). However, the se-
ries two-stage system leads to relatively low efficiency and high
implementation cost compared to the one-stage system [9]. In
order to achieve the voltage ratings using a boost-type rectifier
as one-stage charger, two propulsion battery packs should be
connected in series [10]. Fig. 1(b) shows typical application of
the Vienna rectifier as a battery charger for series-connected
batteries. In fact, various types and discrepant states of charge
result in diverse properties of batteries in terms of C-rate and
terminal voltage for charging. Therefore, the imbalance scenar-
ios consisting of loads and voltages are inevitable for Vienna
rectifier.

Since the output loads decrease from full load to light load
during charging process, the difference of required power
for dual loads naturally occurs. Balancers (equalizers) are
configured into charger to allocate power flow between two
series-connected batteries [11]. To further reduce system costs,
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a rectifier integrating balancer using same split-dc capacitors to
supply dual voltage outputs in [12]. However, Vienna rectifier
has limited capability of unbalanced loads. More precisely,
critical unbalanced load ratio is deduced associated with the
modulation index when the Vienna rectifier works with unity
power factor in [13]. Beyond the critical zone, a balancer
operates complementarily to enhance voltage regulation [14]
under any unbalanced loads scenarios. Instead of current injec-
tion circuit in the Vienna rectifier, an independent controlled
balancer feeds series-connected loads in whole unbalanced
zone [15]. In other words, the dc offset of injected current is
inappreciable for the Vienna rectifier in all unbalanced loads
scenarios. It means that the impact of unbalanced loads can
be decoupled [16]. Thus, the unbalanced loads scenario of the
Vienna rectifier is not discussed in this paper.

In the view of unbalanced voltages, extensive studies
[17]-[23] have focused on the harmonic performance to guar-
antee the normal operation of converters. Aiming to connect
several dc sources independently to the same ac output, a multi-
source inverter is proposed utilizing the recombination of ideal
switches in [17]. But it operates at three two-level modes wast-
ing superiority of three-level configuration. Based on the volt-
second balance principle employed in three-level modulation
[18], simplified carrier-based PWM (CBPWM) [19] and mod-
ified space vector PWM (SVPWM) methods [9] considering
the unbalanced factor are proposed to suppress current har-
monics distinctly for split photovoltaic (PV) modules or wide
voltage range of three-port three-phase ac—dc converters. Un-
like NPC or T-type three-level converter, Vienna rectifier is a
highly constrained system. In detail, terminal voltages are not
only determined by the switching states of active switches, but
also related to input current directions [20]. Apparently, utiliz-
ing either method mentioned above, Vienna rectifier will gen-
erate the serious current distortion. Obeying the special control
law, a zero-sequence component injection with the compensa-
tion method is proposed in [21]. However, focusing on current
harmonic mitigation only, dc performance is neglected.

On account of sharing split dc-link capacitors, output distur-
bance of the Vienna rectifier will affect the quality of charging
process and power distribution without a proper decoupling
method. Focusing on the switching methods for Vienna rectifier
in this paper, the corresponding control strategies that directly
generate the gate signals include current hysteresis control [7]
and finite set-model predictive control [22]. Although their im-
plementations seem to be simple, these switching methods lead
to widespread harmonic spectra due to non-constant switch-
ing frequency. To overcome this adverse drawback, extensive

9537

Imbalance of
terminal voltages

r p B m——
o ==
‘K Balancer “
CHIE = | e | 22T
Grid Transformer . NP current
I 4
.y NN
. - = Series-connected
Vienna Rectifier batteries
(b

Typical application of Vienna rectifier as a battery charger. (a) Charging for one battery pack. (b) Charging for series-connected batteries.

investigations have been carried out on CBPWM [23] and
SVPWM methods. While the CBPWM and SVPWM are equiva-
lent essentially [24]. However, owing to three-level structure, the
traditional modulation methods generally produce the ripple cur-
rent flowing through the neutral point (NP) of split capacitors as
disturbance during charging process for series-connected batter-
ies. For resistive loads, the ripple current causes low-frequency
voltage oscillation named ac imbalance for dc-link capacitors
[25]-[27].

To reduce the ripple current, adding extra hardware circuits
with complicated controller results in high cost and bulk sys-
tem cubage, e.g., [28]. Considering the operating principle that
the average NP current is zero-size in a switching period [29],
suppression methods concentrating on modulation have been
studied in [30]-[40]. A hybrid modulation combining nearest-
vector (NV) [30] and non-NV modulation switches redundant
small vectors based on opposite effect by the hysteresis balance
scheme [31]. However, non-NV modulation increases switching
frequency and leads to higher voltage THD. A double modu-
lation wave CBPWM strategy which aims to eliminate the NP
voltage oscillation and reduce the common-mode voltage has
been proposed in [32]. Nevertheless, at the expense of increased
switching loss, traditional PWM modulation wave is divided
into two waves and compensation is added. A variable modu-
lation offset using SPWM method is used to balance the NP
voltage in [33]. Besides, a time-offset injection modulation is
proposed to reduce the NP ripple [34]. However, the compensa-
tion time of two modulations is related to wide range of power
factor angle, which is inappropriate for limited phase difference
of Vienna rectifier. A hybrid method combining dynamic ad-
justment factor is proposed for Vienna rectifier even under the
condition of asymmetric capacitor parameters or unbalanced
loads [35]. But it relies on the accuracy of voltage sensors for
measuring the oscillation amplitude between top- and bottom-
capacitor voltages. Lee et al. propose the continuous PWM
(CPWM) and discontinuous PWM (DPWM) methods to sup-
press the NP voltage oscillation [36], [37]. Moreover, according
to the performance analysis for Vienna rectifier in [38], DPWM
method is advantageous in terms of efficiency compared with
CPWM method. In conclusion, each method above is difficult to
find an appropriate tradeoff among NP voltage ripple, switching
loss, and harmonic distortion. An optimal switching pattern is
proposed to minimize the ripple current and suppress the leak-
age current simultaneously in [27]. Besides, reconfiguration of
voltages vector does not increase the switching loss, since the
number of switching in a sampling time is equal to that in NV
modulation. Nevertheless, the repartition of switching states is
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incorrect and the duty ratio calculation is imprecise when the
imbalance of dc-link voltages occurs.

Recently, a virtual-space-vector PWM (VSVPWM) method
is the most promising solution to suppress the low-frequency os-
cillation and mitigate current harmonics simultaneously under
any degrees of unbalanced voltages [39]. However, its switch-
ing frequency increases compared with that using traditional
SVPWM. What is more, there are always two redundant small
vectors disabled to synthesize the virtual vectors in each sec-
tor owing to the force-commutated current. Consequently, the
VSVPWM method cannot be directly utilized to suppress the
ripple of average NP current under the unbalanced conditions
for Vienna rectifier.

To operate with low harmonics considering voltage imbalance
and minimize disturbance of ripple NP current for dc loads, a
novel segmented component injection scheme (SCIS) is pro-
posed for Vienna rectifier in this paper. The major contributions
of proposed SCIS are summarized as follows:

1) Injection scheme is reconfigured by two parts, dc and
segmented component injections. Absence of traditional
zero-sequence component injection, dc component is in-
jected into the modulation waves. Then, the clamping and
continuous intervals are identified by special constraints
of Vienna rectifier. Finally, the segmented components are
injected for different optimization objectives.

2) Under the premise of normal operation without distor-
tion, this paper proves that there is no degree of freedom
to modify the modulation waves for zero-size of aver-
age NP current. According to the circuit analysis during
clamping intervals, it is certified that unique compensa-
tion components generate suitable average NP current to
shape the sinusoidal input currents.

3) Particularly, to minimize the dc-link voltage oscillation
under any unbalanced condition, the optimized compo-
nents for three-phase are calculated accurately according
to the absolute value of currents, lagging angle of input
filter, and unbalanced factor.

4) In comparison to the state of the art, the proposed
segmented components involving compensation and op-
timized component have multi-objective optimization
including ac harmonic and dc oscillation performance.

This paper is organized as follows. In Section II, the
description of Vienna rectifier considering the imbalance of
dc-link voltages is presented. Starting with a detailed analysis
of NP current’s origin, the attempt to minimize the rms value
has been discussed during clamping and continuous intervals,
respectively. In Section III, with the assurance of low current
harmonics, an SCIS is proposed to minimize the ripple NP cur-
rent under balanced and unbalanced conditions. In Section IV,
simulation and experimental results verify the performance of
the proposed SCIS. Finally, conclusions are drawn in Section V.

II. TRADITIONAL ZERO-SEQUENCE AND COMPENSATION
COMPONENT INJECTION SCHEME

A. Description of Vienna Rectifier With Imbalance

Fig. 2 shows the typical topology of Vienna rectifier with the
imbalance of dc-link voltages. Connecting the input phases to
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Fig. 2. Typical topology of a Vienna rectifier.

the NP of dc bus, three switching units (S,, Sy, and S.) are
controlled to ensure sinusoidal ac current (., %5, %) and steady
dc-link voltage (uq.). u; and us are expressed as the voltages of
top and bottom dc-link capacitors, respectively. The reference
signals for modulation can be described as follows.

Assuming that the three-phase grids are balanced, the grid
voltages can be defined as e,, €, €.

Vgref =M 005(9 - 90)
Uprof = m cos(0 — 2w /3 — @) €))
Veyof = m cos(0 + 27 /3 — )

where 0 is the phase angle of grid voltages. m is the modulation
index. ¢ is the lagging angle generated by the filter impedance
L. Normally, the lagging angle cannot be extended to the range
of [0~7/6].

Based on the definition of unbalanced factor (k) in [40], it can
be given as

Uy — Uz

k= )

Udec
where k belongs to the range of [-1, 1]. The modulation waves
(vra, v1p, V1) Using traditional zero-sequence component in-
jection scheme (TCIS) [21] are written as

— VareftUo

UTa = 1+sgn(iq )k
— UbreftUo

vre = 1+sgn(ip)k (3)
— UeaettUy

Ure = 1+sgn(ic )k

where sgn() is the sign function to distinguish the input current
directions. The traditional zero-sequence component denoted as
v, 1s expressed as

_(Umax + vmin)
2
where vy, is defined as the maximum value among v, _ef,
Vp_ref> aNd Ve yof. Vinin 1S the minimum value. When the polar-
ities of the traditional modulation wave (vr,, x = a, b, ¢) and
input current (i,,) are different because of ¢ and , current dis-
tortions occur. After injection of compensation components, the
modified modulation waveforms (v,, vy, v.) are generated to
compare with dual carrier waveforms. As shown in Fig. 3, the
duty cycle of zero state (connecting to O) is defined as d, (x
= a, b, ¢), which belongs to the range of [0, 1]. The general

+k )

Vo =
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Fig. 3. Dual-carrier modulation and switching sequence diagram.

expression of d, is
dy =1— Sgn(ia) * Vg
dy =1 —sgn(ip) - vp (5
d. =1—sgn(i.) - v..

Assuming that the three-phase grid is symmetrical and Vienna
rectifier operates with the unity power factor (pf = 1), the grid
currents (%4, 7y, ¢.) can be expressed as

iq = I, cos(0)
iy = Ipcos(0 — 27/3) (6)
ic = I, cos(0 + 2m/3)

where [,,, is the amplitude of the phase input current. The aver-
age current flowing into the NP (i,,,) in a switching period can
be expressed as [40]

inp = daia + dbib + dcic

:(ia +ib+ic)_va|ia|_vb|ib|_vc|ic|~ (7)

B. Calculation of Ripple Current Using Compensation
Component Injection Scheme

In this paper, the fundamental period is divided into six re-
gions. The Region 1 (i, > 0, i, <0, i, < 0) is taken as an
example to analyze the i,, in detail. Fig. 4 shows the mod-
ulation waves and average NP current using the traditional
zero-sequence and compensation component injection scheme.
Essentially, the compensation component clamps one-phase
modulation wave to zero state. Thus, the interval preparing
for compensation component injection is named as clamping
interval.

Different from v, ., vr, has two kinds of expression in
Region 1 after traditional zero-sequence component injection.
Modulation waves for phase » and c¢ are in the same way. Com-
bining the boundary of clamping intervals, modulation waves
and corresponding iy, are divided into four segments in differ-
ent intervals (I, II, III, and IV). Intervals II and III are defined
as continuous intervals. To calculate the rms value of ripple NP
current, the boundaries of intervals need to be obtained at first.
In [21], the intervals for compensation components injection are
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denoted as (A + ¢) and €. They are given as
2k

A+ ¢ =0 =arccos | —— —z—i—go ®)

3m 2

T 2k m
= - — 0 ] —_—— _——_— — .

€ 5 arccos ( 3m> 5 %) )

Consequently, boundaries for intervals I, II, III, and IV are
[-7/6, ¢ + A—7/6], [ + A-7/6, @], [@, /6], and [7/6—
e, m/6], respectively. After compensation component injection,
three modulation waves are modified as the following equation
during interval I:

_ V3m sin(0+7/3—¢p)

Ya i+k
vy = V3m fii]]iew) (10)
ve = 0.

Substituting (6) and (10) into (7), the specific expression of
inp—1 can be derived as

? [sin (29 + 35— 50) + sin (% — ga))]

inp*l = - 1+k mIm
N 73 [sin (29 — %ﬂ 1—:,03{) + sin (%ﬂ - ‘P)] ml,,.
(1D

By omitting the tedious derivation process, the analytical ex-
pressions of iy, in four intervals are summarized in Table I.
The dash areas in Fig. 4 result in the low-frequency oscillation
of NP voltage. In this paper, the ripple of average NP current
is analyzed by rms values quantitatively. Based on the calcula-
tion principle, iy, —rms in region 1 of fundamental period can be
derived as

1 p+r—7/6 )
inpfrms = QO‘F)\- /71—/6 |7;np71‘ do
1 i .
+ \/ﬂ. / |an—II|2d9
&~ *Jori-nso
. 1
§e-

T/6—¢ )
5 [ [inp—111|"df
¢

1 /6 '
+ \// |an71V|2d9-
€ Jr/6—¢

III. PROPOSED SCIS

12)

The optimization objective of this paper is to minimize the rip-
ple NP current without input currents distortion. On this account,
this section shows the attempt to minimize the rms value of iy,
by modifying the modulation waveforms. After circuit analysis
for clamping intervals and derivation of optimized component
for continuous intervals, a novel SCIS is proposed. Finally, per-
formance of the proposed SCIS is analyzed in terms of current
harmonics for ac performance and ripple NP current for dc per-
formance.
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Modulation waves and average NP current using zero-sequence and compensation component injection (m = 0.8, k = 0.15, I, = 30A).

TABLE I
MODULATION WAVES AND NP CURRENT IN REGION 1

Compensation
Component Injection

Traditional Zero-Sequence Component Injection

Compensation
Component Injection

Intervals 1 11 11 v
Boundary [-m/6, p+A-1/6] [p+A-1/6, @] [, n/6-€] [n/6-¢, /6]
Bmsin(@+7/3-p) —ﬁmsm(e—ms—qu ﬁmsin(9+7r/3—¢)+k ~3msin(@-7/3-¢)
K S P 2 2 1k
1+k I+k
3
. \Bmsin(6— @) gmsin(ﬁ—ir/3—¢7)+k Smeos(0 =27 /3-p)+k 0
B — —w
3 _ in(6—
. 0 Emcos(6+27r/3—qo)+k —gmsin(9+7[/3—¢)+k W
1-k 1-k
Inp-1 Inp-11 Inp-111 Inp-IV
?‘:sin(29+%f(ﬂ)+sln(g—¢)} y {7?»1“"(0—%—@4-1(}”‘ cos6 {gm sin(6+%—¢)+k}lm cos6 g{sin(zﬁ—g—(p)—mn(%er)} y
1+k T+k T+k I+k

] {sin(Zﬂ—zl— - Sin(z—”i»(/))}
2 3 3

Inp

{gmsin(ﬂ—%—q))-ﬂ(}lm cos(H—zT”)

‘:%mcos(ﬁ—%[—(phk]lm cos(ﬁ—%{)

mi,
1-k 1—k

Bmcmm%”-mw] I, cos(9+27”)

1-k

ﬁ{sin(zﬂ + ELa ) - am(z—” + q))}
2 3 3

1-k

{—gmsin(€+§—(p)+k}lm cos(9+27”)

I

-k 1-k

A. Circuit Analysis for Clamping Intervals

To illustrate the impact of compensation component injection
for the NP current, Fig. 5 shows circuit operation of Vienna
rectifier during interval I and IV in Region 1.

1) Interval I: Since v, is clamped to zero state for the force-
commutated current of Vienna rectifier, the simplified circuit
diagram of the rectifier along with the reference directions of
currents is shown in Fig. 5(a). isx (x = a, b, ¢) is denoted as
the current flowing through the bi-directional switch unit .S,.
For phase a and phase b, iy, and iy, can be calculated by d,, i,
and dy1;, respectively. ¢p_; and iy_; are presented as the
current flowing through the diodes D, and Dj-. They can be
expressed by

dy)ig

ip1=(1-
{z’NI — (1 dy)iy. a3

According to the Kirchhoff current law and (13), the average
NP current (i,,) during the interval I is obtained as

Inp 1 =IN-1—tp 1= —lq — 1 +dalp + dyip. (14)

Additionally, ¢, which presented as green bold line during
interval I is shaped by the iy completely. Based on the principle
of circuit operation, ¢, is calculated by

le = lge = inpfl —lgq — lsp = —lq — Up- (15)
For further explanation of the above analysis, the NP current
must satisfy constrained (14) to shape the sinusoidal currents
for three phases in (15) during the interval I.
2) Interval IV: As the operation modes shown in Fig. 5(b),
the switch S, turns ON, and the diodes D, and D.— conduct.
For phase a and phase c, i, and iz, can be calculated by d, i,

and d,.i., respectively. Similarly, ip 1y and i, 1y are presented
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Fig. 5. The current paths and current waveforms after compensation in
Region 1. (a) Interval L. (b) Interval IV.

as the current flowing through the diodes D, and D._. They
can be calculated by

ip-1v = (1 —dy)ia
. ) (16)
{ZNIV = 7(1 — dc)ZC.

The average NP current (iy,_1v) during the interval IV is
obtained as

inp—IV =iN-1v —ip_1v = —lq — i + dgiq +deic.  (17)

The current through the bi-directional switch unit Sy, (i)
shapes the i, completely, which is denoted as blue bold line
during interval IV. As shown in Fig. 5(b), 7; can be calculated
by

1y =g = Z.npflV —lsq — bse = —lq — le- (18)

For the same situation in interval I, the average value of NP
current needs to be non-zero size as in (17) during clamping
intervals to shape a suitable phase current to ensure sinusoidal
three-phase currents. Moreover, as the common-mode compo-
nent, compensation for two phases is unique to modify the mod-
ulation waves when modulation wave for the other phase is
clamped to zero state [29]. Therefore, the calculation principle
of compensation components in intervals I and IV are same as
in the previous research [21].

In consequence, the optimal objectives to minimize ripple
NP current and mitigate the current distortion cannot be real-
ized simultaneously in clamping intervals for Vienna rectifier.
To guarantee low-harmonic operation for Vienna rectifier under
the balanced and unbalanced dc-link voltages conditions, the
unique compensation components are injected into the modula-
tion waves in the clamping intervals.
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B. Calculation of Optimized Component for
Continuous Intervals

For the continuous intervals, three optimized components de-
fined (Vopt—a,> Vopt—b, and vopi—.) should be recalculated by
rigorous theoretical derivation. They are superimposed on the
reference signals to minimize the ripple NP current. In terms of
the unbalanced factor (k), the three components are no longer
same in whole fundamental period. After optimized component
injection, three modified modulation waveforms (v/,, v}, v,.) can
be expressed as

I Vgyeftk

Vg = (lik + 'Uoptfa
! v +k

Uy = lbfirk + Vopt—b (19)
I Ueqertk

Ve = 1,fk +(Uoptfc~

After compensation component injection, the assumption of
(6) is valid in whole fundamental period. Using modified mod-
ulation waveforms in continuous intervals, (7) is simplified as
follows:

iup = 0 lia| — v} lin] — . lic]. (20)

Substituting (19) into (20), the expectation value of average
NP current is zero-size. Thus, denoted as i,,;, 11111, average NP
current during the continuous interval in the Region 1 can be
given by

- k
Inp—T1-111 = Vorer £ 1 + Vopt—a | |tal
P 1+ k T
(Ubjcf + k

1_k + voptb) ‘Zb|

+ (fc_re]i + Uoptc) |zc‘ = 0. (21)

For the convenience of calculation, a common variable is
assumed as vop—1 in Region 1. The following equation estab-
lishes a simple relationship between the optimized components
and common variable v,—1:

Vopt—1

Vopt—a =

1+k
_ Uopt—1
Vopt—b = (ilj (22)
Vopt—1
Vopt—c = J-f -

After substituting (22) into (21), the common variable v,y 1
can be derived as

—Uq _ref ‘ia — Up_ref |Zb| — Uc_ref |'Lc‘

Vopt—1 = li (23)

il o Jio  Jicl
1+k + 1-k + 1-k

Combining (22) and (23), three optimized components in-
jected into three-phase modulation waves can be calculated
to eliminate the ripple of NP current during the continuous
intervals. Three-phase optimized components and common vari-
ables in other regions can also be obtained by the same prin-
ciple of calculation as above analysis. They are shown in
Table II.
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Block diagram of the proposed SCIS for Vienna rectifier.

C. Proposed SCIS

In favor of realizing minimum ripple NP current under low-
harmonic operation, a novel SCIS is proposed. The block dia-
gram of the proposed SCIS is shown in Fig. 6.

The injection process of the proposed SCIS is divided into two
parts: dc component (vq.) injection and segmented component
(Vseg—2» X = a, b, ¢) injection. For unbalanced factor feedback
control, Ak is obtained through a PI controller. The injected
Vae 18 the sum of unbalanced factor (k) and Ak. Therefore, bal-
anced and unbalanced dc-link voltages are controlled accurately
by changing Aw,;/u4c e in dc component injection. For in-
jected vgeq_,, it is worth emphasizing that the input current
distortion should be mitigated significantly to guarantee normal
operation of the Vienna rectifier. In consequence, Vecomp—z 18
injected during the clamping intervals. In the meantime, Vo p¢—,
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TABLE II
OPTIMIZED COMPONENTS DURING CONTINUOUS INTERVALS
. Optimized . Optimized
R Common variable P R Common variable P
components components
v — vapt—l v _ V()pI—Z
opt—a 1+ k opt—-a 1+k
v ~ Va_ry L=V l‘b‘_"gmf I, v, . " Va sy Ll =V rep By = Ve e e v,
1 opt-1 — . . X _ - opt-2 R X - _ _opt—
op 1, L I Vopib = —% op! i M i Voot = T4k
1+k 1-k 1-k v 1+k 14+k 1-k v
_ Jopt-1 _ opt=2
vaptfc - 1—k Vnpl—c - 1—k
v _ vopt—} _ Vopz—4
opt-a 1—k Vupz—u - ﬁ
v — Va_rer Ital = Vo_rer lb‘_vcire/ l(“ v . " Va_rer 1t Vo _rer lb‘_vcjef I v
opt—3 = - : - _ Jopi- 4= - - - _ Yopi—a
3 opi=3 i ‘lb i Voptob = 7 opt-4 i ‘lb i Vopieb =71
I+k : : Ik
-k 1+k 1-k v -k 1+k 1+k v
v — opt=3 v — opt—4
opt—c 1—k opt—c 1+k
Vopi— Vopt—6
Vu,u—u - 1 ptk3 Vnpz—zz = 1:](
v Vo rer Ll Vo s ib‘ Ve o | v v " Va_ry | =V e | = Ve rer |Ee v
5 opt-5 X ; N opi=5 6 (-6 X ; N _ _opt=6
” i li, i, s =g » i, li,| i Vonn =1
-k 1-k 1+k , 14k 1—k 1tk y
— o5 v _ Vopt=6
P 4k P 14k
Vienna Rectifier is injected during the continuous intervals to eliminate the rip-
N _ o, ple of NP current. The detailed implementation of the proposed
Y i 1 X 2 u, SCIS can be divided into the following steps.
e e 0 S, 1) DC Component Injection: After dc component injection,
ffffffff - -0 - T T T T T T T T T T T T T . .
| DC Component Injection | Segmented Component Injection il the modified reference signals are denoted as v/, ¢, V) 1ofs Uh 1ot
| Vo _res - . . . - :
; T | =7 7 ot and can be written in a general expression as follows:
| A, —5—>| Calculation h,’ J Q) Methoc
| " b _ref €q.(24) Wi o Y , Vo sei 04
‘ > — _YareitUdc
1 T EL | jeeted b | Varel = Thsan(in) vac
| —$| Compensation and / . Uhref+Ude
L ,,,,,,,,,,,,,,,, Ve (9[’“"““‘" oL Upret = 1+sgn(ip)vde (24)
| P
] ——— Interval Calculation Ve = —VexeltUde
} Sél?tftll.m l(lc::lfll':c;l?un % TABLE II NP Current cvef L+sgn (]” >A1"dc
! riteria TABLE Il . . 1 1| Calculation
| i ) 7 1 . . .
L } jil] MI Lyl 2) Region Selection: Due to forced current commutation of
12 y w | ! M . . . .
Lt L i the Vienna rectifier, the region R (R = 1, 2, 3, 4, 5, 6) is se-

lected by distinguishing the polarity of each phase current. For
instance, R = 1 when ¢, > 0,7, < 0, and i, < 0. Obeying these
criteria, region selection facilitates the intervals identification.

3) Intervals Identification: The proposed SCIS takes R and
vl ¢ as input to identify the phase angle of 6 located in clamp-
ing or continuous intervals. Combining situations of k > 0,
k=0, and k < 0, all possible locations of clamping intervals
are shown in Figs. 7 and 8. Distribution pattern of clamping
intervals are the same as the analysis in prior work [21]. Fur-
thermore, the continuous interval is defined as the rest part
in each range shown in Figs. 7 and 8. As a result, the judg-
ing conditions of identification can be summarized as listed in
Table I11.

4) Segmented Component Injection: After identification,
compensation components (Veomp—z», X = @, b, ¢) and optimized
components (v,p(—, ) are injected into v’ . during the clamp-
ing and continuous intervals severally. Hence, the segmented
components denoted as v, are expressed as a piecewise
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TABLE III

IDENTIFICATION OF INTERVALS

R Identification Intervals
Ifv'e >0 Clamping ¢ phase
1 If v’ >0 Clamping b phase
Else Continuous
If v’ <0 Clamping b phase
2 Ifv'a rer<O Clamping a phase
Else Continuous
If v e re>0 Clamping @ phase
3 Ifv'e >0 Clamping ¢ phase
Else Continuous
Ifv'e <0 Clamping ¢ phase
4 If v <0 Clamping b phase
Else Continuous
If v’ re>0 Clamping b phase
5 Ifv'a >0 Clamping a phase
Else Continuous
Ifv'a rer<0 Clamping a phase
6 Ifv'e <O Clamping ¢ phase
Else Continuous
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Fig. 9. Constructions of the modulation waveforms using the proposed SCIS
when k = 0.
function

Vsog—z = {vcompacv clamping interval 25)

Uopt—z, continuous interval.

As a consequence, the modulation waves (v),) are obtained
by segmented component injection. The constructions of the v/,
using the proposed SCIS have been depicted in Fig. 9 under
the balanced condition and in Fig. 10 under the unbalanced
conditions of dc-link voltages.

5) PWM Generation: The switching signals of each phase
could be generated by v/, according to the switching sequence,
as shown in Fig. 3.

In conclusion, the identification of clamping intervals is
executed on the modified reference signals v;_ref. Then, the
segmented components including compensation and optimized
component are injected. Unlike the proposed SCIS, clamping
intervals preparing for compensation behavior are identified af-
ter traditional zero-sequence component injection in [21], which
is named as overlapped component injection scheme (OCIS).

D. Performance Analysis of SCIS

To assist understanding of the improvement for OCIS shown
in Fig. 4, the modified modulation waves and corresponding
average NP current using proposed SCIS are shown in Fig. 11.

1) Harmonic Performance: Defining the ranges of clamping
intervals as (A’ 4+ ¢) and €’ in Region 1, they are calculated as

k
X 4 ¢ = 60 = arccos (——) —Z—Hp (26)
m 2
k
e = % — 0 = —arccos (E) — g — 27)

Comparing (26), (27) with (8), (9), it should be highlighted
that (A" + ¢) and ¢ using the proposed SCIS are slightly larger
than (A 4 ) and ¢ applying the OCIS under the same operational
conditions (k and m). According to the relationship between ac
current harmonics and clamping states in [41], OCIS and SCIS
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have different width of clamping intervals in each region, result-
ing in different ripple of ac currents which affects corresponding
THD [42]. THD:, (x = a, b, ¢) are used in this paper to evalu-
ate the ac performance of the Vienna rectifier. The definition of
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THD:, is expressed as follows:

Mmax 72
Dns" Pan
Izl

where I, is the fundamental component of input current of
phase x. I, is the component of nth-order harmonics. my, 5 1S
the maximum number of harmonic order.

2) Ripple NP Current Reduction: To evaluate the dc per-
formance of the proposed SCIS, the change of rms values of
ripple NP current should be calculated and analyzed comparing
with that using OCIS. Modified by modulation waves (v’ ) after
segmented component injection, the rms value of ripple current
(i’np—rms) during the Region 1 is obtained as

1 p+1—7/6
7’11 —rms —/
P <)0+)"/ -7 /6

1 /6
+0+0+\/—,/ [i'wp1v[°d.  (29)
€ Jr/6—¢

In consequence, owing to zero-size of i’y , _17 and i’y 117, the
dash areas in Fig. 11 which lead to the low-frequency oscillation
of NP voltage decrease significantly comparing with that using
OCIS.

In addition, through the rigorous theoretical derivation, it is
necessary to further analyze the relationship between the ampli-
tude of ripple NP current and operating conditions. The exact
expressions of the NP current in clamping interval I and IV are
same as that in Table I. It is obvious that the amplitude of ripple
NP current is proportional to m and I,,,. Since the difference of
all clamping intervals is phase angle (#), clamping interval I is
taken as an example to analyze the impact of unbalanced factor
(k) and lagging angle () in detail. As a result, the ratio of NP
current (7,,_7) to ml,, in clamping interval I can be drawn in
Fig. 12(a) and (b) where 6 belongs to the range of [-7/6, 7/6].

When k = 0, the impact of ¢ for the 4,1 /mlI,, is demon-
strated in Fig. 12(a). It can be seen that the minimum value of
inp—1/mIy, is decreasing with the ¢ increasing as black-dotted
circle. Besides, the impact of  for the 4,,_1/m1,, is presented
inFig. 12(b). It is shown that the minimum values of 4,1 /mI,,
have the same variation trend with the k increasing (from k =
0 to k£ = 0.8) as black-dotted circle in Fig. 12(b). In reverse,
while the k belongs to the range of [-1, 0], the maximum value
of inp_11/ml,, is increasing with the k decreasing (from k = 0
to k =-0.8).

THDi,

(28)

|i"up 1> df

IV. SIMULATION AND EXPERIMENTAL RESULTS

The parameters of simulation and experiments are listed, re-
spectively, in Table IV. To verify the performance of the SCIS
intuitively, the rms value of dc-link voltages oscillation indicates
ripple NP current when Vienna rectifier supplies dual dc-link
voltages for resistive loads.

A. Simulation Results Analysis

In simulation, Vienna rectifier works with small dc-link
capacitors (C; = Cy = 360 pF) using the OCIS in Fig. 13(a) and
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TABLE IV
PARAMETERS FOR SIMULATION AND EXPERIMENT

Parameter Simulation value Experiment value
Grid voltage eq, es, ec 220V[rms] 100V [rms]
Dc-link voltage uac 700V 350V
Dc-link capacitor Ci, 360uF 470uF
C
Deload 550 Ru=3100, Re2400,
Phase current iy, is, ic 30A[peak] S5A[peak]
L-filter 3mH/1mH 3mH
Switching frequency f; 10kHz 10kHz
Sampling time 7 100us 100us

the proposed SCIS in Fig. 13(b). When the dc-link voltages are
balanced, the simulation results of modulation waveforms,
phase currents, dc-link voltages, and NP currents during the
fundamental period demonstrate the ac and dc performance
of both modulations. Fig. 13(b) illustrates that the modulation
waveforms (v),, vy, v..) are injected by segmented components
(Useg—as VUseg—b> Useg—c) Which minimize the oscillation of
dc-link voltages. Compared with the OCIS shown in Fig. 13(a),
the magnitude of the voltage oscillation at NP (V,,,_nag_rippie)
decreases from 10 to 2 V when two dc-link voltages are
balanced. Similar to the OCIS, there is no obtrusive distortion
of input currents using the SCIS.

For further understanding, the simulations in Fig. 14 focus on
the various operational conditions. When unbalanced dc-link
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Fig. 13.  Simulation waveforms when dc-link voltages are balanced. (a) OCIS.
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voltages occur (11 =400V, uy =300 V) as shown in Fig. 14(a),
the top and bottom dc-link voltages (u; , uo) have static errors us-
ing the OCIS. Furthermore, it produces the low-frequency volt-
age oscillation of u; and us during the whole period. After the
proposed SCIS is applied in Fig. 14(b), the dc-link voltage oscil-
lation is considerably reduced during the continuous intervals.
It is worth highlighted that the NP current cannot be zero during
the clamping intervals for shaping the sinusoidal input currents.

Beyond the m and I,,, the magnitude of neutral current
([inp-mag]) is affected by unbalanced factor (k) and lagging angle
(¢). Therefore, comparing the simulation waves in Fig. 14(b)
with that in Fig. 14(c) and (d), the value of (u;—us) and L are
changed from 100 to —50 V and from 3 to 1 mH, respectively. It
is obvious that |i,,; 44| decreases from 12 to 9 A when the ab-
solute value of k decreases. Similarly, |i,, poma gl decreases from
12 to 10 A with the ¢ decreasing. As a consequence, simulation
results are the same as the analysis in Section III-D.

Using the output of PI controller in dc component injection of
SCIS, regulation of balanced and unbalanced dc-link voltages
can be realized by setting Au,.¢. At the beginning of simulation,
the dc-link voltages are balanced. Then, at 0.05 s, Au,. is set to
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Fig. 15. Simulation waveforms of dc-link voltages regulation and neutral
current in transient state. (a) OCIS. (b) SCIS.

100 V and two unbalanced dc-link voltages (1; =400 V, us =
300 V) occur. The balancing process of OCIS and the proposed
SCIS are presented during (0.14 s, 0.2 s) in Fig. 15(a) and (b).
It can be seen that the proposed method takes a bit longer time
to regulate dc-link voltages. Comparatively, the proposed SCIS
has a slower dynamic response using PI controller with same
parameters. However, the proposed SCIS minimizes dc-link
voltage oscillation under balanced and unbalanced conditions.

different aspects as follows.

1) Normal Operation Using Proposed SCIS: The experi-
mental results of steady-state operation are carried out at first.
Fig. 17 shows the experimental waveforms with the proposed
SCIS when dc-link voltages are balanced. Vienna rectifier oper-
ates at unity power factor. The line voltages and input currents
behave as typical five-level waveforms and sinusoidal wave-
forms in Fig. 17(a). The actual modulation wave for phase b
and two dc-link voltages are shown in Fig. 17(b).

Fig. 18 shows the experimental results of the modulation
waveforms after segmented component injection, two dc-link
voltages, and phase current using the proposed SCIS. For
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(a) Operation at unity power factor. (b) Operation when two dc-link voltages
are balanced.

balanced condition in Fig. 18(a), both u; and us are equal to
175V, which means that unbalanced factor (k) is zero. For unbal-
anced conditions, experimental results with k = 0.143 and k =
0.286 are shown in Fig. 18(a) and (b), respectively. Due to com-
pensation components injection during clamping intervals, it can
be seen that the proposed SCIS eliminates the distortion of phase
current for Vienna rectifier with light and heavy imbalance.

2) Performance Comparison of TCIS, OCIS, and SCIS:
Based on the performance analysis in Section III-D, the compar-
ison of TCIS, OCIS, and proposed SCIS is carried out focusing
on THD of input current and oscillation of dc-link voltages
which evaluates the minimization of ripple NP current. Fig. 19
shows input current and modulation wave applying three meth-
ods under imbalance (k = —0.143).

Different from current distortion with TCIS, there is no dis-
tortion at phase ¢ current using both OCIS and SCIS owing to
compensation. Using the proposed SCIS, the modulation wave
for phase b is optimized as v; in Fig. 19(c) by the injection of
optimized zero-sequence components. Besides, the modulation
wave for phase b (v;) is adjusted to the opposite form as v}
presented in Fig. 18(b).

For understanding the dc performance, the average NP cur-
rent (i,p,) is investigated adopting the DA module in dSPACE.
In the meantime, ac components of dc-link voltages (u#; _,. and
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Fig. 19. Experimental waveforms with a light imbalance (k = -0.143).

(a) TCIS. (b) OCIS. (c) SCIS.

Uy, ) are measured by an oscilloscope. By mathematical calcu-
lation, the rms value of dc-link voltages oscillation is calculated
by Math Function of Tektronix TDS3014C to further demon-
strate the minimization of ripple NP current. For ac harmonic
performance, the current for phase ¢ (4. ) is analyzed by the Fast
Fourier Transforms using Fluke 438. Above performance results
of Vienna rectifier using TCIS, OCIS, and SCIS are shown in
Figs. 20-22, quantitatively.

Using modulation wave vyp;, of TCIS, distortion at crossing-
zero point appears in Fig. 20(a) under balanced dc-link voltages.
With the increase of unbalanced factor [k = 0.143 in Fig. 20(b)
and k = 0.286 in Fig. 20(c)], the THDj, increases from 4.7%
to 10.3% dramatically. The input current has relatively large
amount of lower order harmonics. Therefore, TCIS cannot guar-
antee low-harmonic operation of Vienna rectifier. Accordingly,
the rms value of (u;_,.—ut2_,.) changes from 2.60 to 2.64 V
with the increase of absolute value of k.
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Fig. 21.  Performance results of Vienna rectifier using OCIS. (a) u; = us = 175 V. (b) u1 =200 V, ug = 150 V. (¢) u1 =225V, us = 125 V.

For prior OCIS, Fig. 21 shows the different performance re-
sults with alterable unbalanced factor for Vienna rectifier. Us-
ing compensation component injection during clamping inter-
vals, and the current has lower 5th- and 7th-order harmonic
components under balanced condition comparing with that in
Fig. 20(a). Furthermore, under unbalanced condition, less 2th-,
4th-, and odd-order harmonic components are shown in Fig.
21(b) and (c) comparing with that in Fig. 20. As the value
of ripple NP current (i,5,) shown in Fig. 21, the rms value of
(U1 _ae—lts _,) increases from 2.62 to 2.66 V with the increase
of the unbalanced factor.

Fig. 22(a)—(c) shows the performance results with different
k using the proposed SCIS. It can be seen that 7. has no distortion
and THD¢,. maintains low values (3.4%, 3.7%, and 4.1%) with
the increase of k. Similarly, the rms value of dc-link voltage
oscillation (2.59 V) in Fig. 22(c) are slightly larger than that

(2.53 V) with light imbalance in Fig. 22(b) since the ranges
of clamping intervals are increased by the unbalanced factor.
Besides, average value of ripple NP current is shown in Fig. 22.
It can be seen that i, is equal to zero-size during the continuous
intervals. Hence, the proposed SCIS could deal with oscillation
and deviation issue of the dc-link voltages under the balanced
and unbalanced conditions except clamping intervals.

Based on above performance results, the comparison of TCIS,
OCIS, and proposed SCIS focusing on ac and dc aspects, is
summarized in Table V.

For ac performance, despite slightly increased THDz,. from
3.0% to 3.4% (k = 0) and from 3.2% to 3.7% (k = 0.143),
the OCIS and proposed SCIS both mitigate the current har-
monic dramatically compared with TCIS. Under balanced and
unbalanced conditions, the proposed SCIS contributes the same
improvement for the current THD (THDi, < 5%) owing to the
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TABLE V
PERFORMANCE COMPARISON OF THREE DIFFERENT METHODS

DC-link voltages ~ Performance TCIS  OCIS SCIS

THDi. 4.7% 3.0%  3.4%
w=u=175V .

Oscillation RMS 2.60V  2.62V 249V
=200V THDi. 6.7% 32%  3.7%
=150V Oscillation RMS 2.62V_ 2.63V_ 2.53V
=225V THDi. 103% 3.5%  4.1%
=125V Oscillation RMS 2.64V_ 2.66V_ 259V
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Fig. 23. Effects on ripple current by different values of m. (a) I, = 3 A,

m=0.5.() I, =3A m=0.6.

compensation algorithm inherited from OCIS during the clamp-
ing intervals. Moreover, the rms value of voltage oscillation is
reduced from 2.60 V (TCIS) and 2.62 V (OCIS) to 2.49 V (SCIS)
under balanced condition. More importantly, similar conclusion
can also be drawn in Table V with heavy imbalance. In conse-
quence, the proposed SCIS improves the ac and dc performance
of Viennarectifier in terms of low-harmonics operation and min-
imization of ripple NP current under balanced and unbalanced
conditions simultaneously.

3) Operating Conditions and Minimization of Ripple NP
Current: To further verify the influence of operation con-
ditions, Figs. 23 and 24 show the dc performance of the
Vienna rectifier using the proposed SCIS with different values
of modulation index (m) and amplitudes of input current (1, )
under balanced conditions. When the rms voltages of grid are

Performance results of Vienna rectifier using SCIS. (a) u1 = up = 175 V. (b) u; = 200 V, us = 150 V. (¢c) u1 = 225 V,uy = 125 V.
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regulated at 60, 75, 100 V, m is equal to 0.5, 0.6, 0.8 for constant
uq., respectively. In order to operate with same input current,
Rp1 =3109Q, Ry =240, and Ry 3 = 5502 are connected
under voltage uq. as resistive loads. Three performance results
are shown in Figs. 23(a) and (b) and 24(a). Apparently, the rms
value of oscillation voltages is changed from 1.52,1.57t0 1.66 V
with the increase of m.

When the second resistor 550 €2 is paralleled to the Ry 3, the
amplitude of input current changes from 3 to 6 A. Performance
result is shown in Fig. 24(b) and the rms value of oscillation
voltage increases from 1.66 to 2.91 V. As a result, the exper-
imental results verify the performance of the proposed SCIS
conducted in simulation.

V. CONCLUSION

A novel SCIS for Vienna Rectifier is proposed in this paper.
Different from established OCIS which only mitigates current
harmonics, the proposed SCIS focuses on ac and dc perfor-
mance simultaneously. To guarantee sinusoidal input current,
unique compensation component modifies modulation waves
to generate suitable average NP current during clamping inter-
vals. Meanwhile, optimized components are injected during the
continuous intervals to make the ripple NP current zero-size.
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Based on the minimum rms value of NP current in funda-
mental period, the proposed SCIS could reduce bulky dc-link
capacitors requirement in theory. Moreover, modifying modula-
tion waves considering the unbalanced factor, the improvement
of reliability for normal operation has been confirmed even un-
der the unbalanced dc-link voltages. Thus, the proposed SCIS
is suitable for Vienna rectifier integrating balancer to charge
series-connected battery packs. In addition, owing to retained
NP current during the clamping intervals, the proposed SCIS
has a certain ability to regulate the dc-link voltages. The per-
formance of the proposed SCIS is verified by simulation and
experimental results. Although the proposed SCIS presents the
above various abilities, THD of input current is higher approx-
imately 0.5% than that using OCIS because of larger clamping
intervals. The rms value of oscillation voltages is reduced from
2.62 to 2.49 V. In addition, it also decreases with lower mod-
ulation index m and smaller current amplitude I, using the
proposed SCIS.
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