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A Hybrid Modulation Strategy With Neutral Point
Voltage Balance Capability for Electrolytic
Capacitorless Vienna Rectifiers

Zhijian Zhang, Guogiang Zhang
Dawei Ding

Abstract—Electrolytic capacitorless Vienna rectifiers have many
advantages, such as longer lifetime and higher power density.
However, the reduced dc-link capacitance aggravates the voltage
stress due to the neutral point (NP) fluctuation. In this article, a hy-
brid modulation strategy combining the modulations of redundant
vector and compression vector is proposed, which can realize the
NP voltage balance for electrolytic capacitorless Vienna rectifiers.
On the basis of analyzing the limitation of NP-balance capability of
conventional space vector pulsewidth modulation (PWM) strategy
in the region of high modulation index, the negative influence of
reduced capacitance on the NP fluctuation and the input current
harmonics is revealed. To suppress the NP fluctuation, the com-
pression coefficient is introduced to redistribute the duty cycles
of voltage vector, which can reduce the negative effect of medium
vector on the NP voltage. In addition, the phase voltage error is
modeled to reduce the input current harmonics with the appropri-
ate adjustment factor. The implementation of the proposed strategy
is realized by the equivalent carrier-based PWM, which can avoid
the sector judgment and angle calculation. By using the proposed
strategy, the NP voltage balance and the input current harmonics
reduction can be realized simultaneously. The effectiveness of the
proposed strategy is verified on an electrolytic capacitorless Vienna
rectifier platform.

Index Terms—Current harmonics, electrolytic capacitorless,
neutral-point (NP) voltage balance, space vector pulsewidth
modulation (SVPWM), Vienna rectifier.

I. INTRODUCTION

ITH the urgent need for high power density and high
Wreliability, three-level Vienna rectifiers have received
special attention in recent years. Compared with the conven-
tional three-level neutral-point-clamped (NPC) rectifiers, Vi-
enna rectifiers have the advantages of simple circuit structure,
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fewer semiconductor devices, low switching loss and no shoot-
through problem [1]-[4]. Therefore, Vienna rectifiers are widely
used in wind turbine systems, electric vehicle charging systems,
and aircraft systems [5]. However, the Vienna rectifiers have the
issue of unbalanced neutral point (NP) voltage [6]. To suppress
the unbalanced NP voltage, large-volume electrolytic capacitors
are usually adopted at the dc link, which decreases the power
density and reliability of Vienna rectifiers [7]. There are impor-
tant practical implications for replacing electrolytic capacitors
with small-volume film capacitors. However, the largely reduced
value of dc-link film capacitors will aggravate the problem
of the unbalanced NP voltage and cause higher voltage stress
on capacitors and switching devices [8]. Therefore, the NP
voltage balance needs to be further researched for electrolytic
capacitorless Vienna rectifiers.

The unbalanced NP voltages of Vienna rectifiers are mainly
divided into two types: the dc unbalance and the ac unbalance
[9]. The dc unbalance is the constant voltage difference between
the upper and lower capacitors. The carrier-based pulsewidth
modulation (CBPWM) can reduce the dc unbalance by in-
jecting the dc component into the modulation wave through
proportional-integral (PI) controller [10], [11]. The space vector
pulsewidth modulation (SVPWM) can reduce the dc unbalance
by distributing the duty cycles of redundant vectors [12], [13].
The dc unbalance mainly depends on unbalanced loads, and it
is unrelated with the change of the capacitance [12], [14].

The ac unbalance is a time-varying voltage difference, whose
main frequency is three-time that of the grid. The amplitude of
ac unbalance is related to the load current, the power factor,
the modulation index, and the dc-link capacitors [15]-[17]. In
the electrolytic capacitorless Vienna rectifiers, the ac unbalance
will be aggravated. Both CBPWM and SVPWM strategies have
been used to suppress the ac unbalance, although the latter has
usually been finally implemented exploiting the equivalence
with the former to simplify the algorithm [18], [19]. For the
CBPWM-based strategies, the ac unbalance is suppressed by
injecting the zero sequence components into the modulation
wave. In [20], the optimal zero-sequence components were
injected into CBPWM to suppress the ac unbalance of Vienna
rectifiers. To simplify the zero sequence injection, a hybrid
method combining a dynamic adjustment factor with a voltage
deviation control of the split dc-link was proposed [21]. In
[22], a generalized design framework for three-phase Vienna


https://orcid.org/0000-0002-2976-5854
https://orcid.org/0000-0002-0109-8420
https://orcid.org/0000-0002-0682-6810
https://orcid.org/0000-0002-1594-8625
mailto:21b906027@stu.hit.edu.cn
mailto:zhgq@hit.edu.cn
mailto:wgl818@hit.edu.cn
mailto:wangjiarui1874755@163.com
mailto:dingdawei_hit@foxmail.com
mailto:xudiang@hit.edu.cn
mailto:xudiang@hit.edu.cn
https://doi.org/10.1109/TPEL.2022.3192438

ZHANG et al.: HYBRID MODULATION STRATEGY WITH NEUTRAL POINT VOLTAGE BALANCE CAPABILITY

rectifiers was proposed to handle the NP voltage balance issue.
In [11], a novel zero-sequence component injection modulation
method was presented, which cannot only suppress the NP
voltage fluctuation, but also mitigate the input current harmonics
of Vienna rectifiers. However, when the modulation index is
high, the above methods are easy to enter the overmodulation
in advance, resulting in the failure to suppress the ac unbal-
ance for electrolytic capacitorless Vienna rectifiers [23]. For
the SVPWM-based strategies, the ac unbalance is suppressed
by distributing the duty cycles of redundant vectors. In [24], a
two-layer PWM scheme based on vector selection was devel-
oped, which can achieve input current harmonics elimination,
common-mode voltage reduction, and NP voltage balancing
simultaneously. To improve the efficiency of the Vienna rectifier,
a discontinuous pulsewidth modulation (DPWM) method was
proposed to decrease the switching losses. However, the ability
of conventional DPWM methods to balance the NP voltage
should be enhanced [25], [26]. In [27], a hybrid DPWM method
was proposed, which can suppress the zero-crossing distortion
and reduce the NP fluctuation. In [17], a new DPWM method
using two different offsets was proposed to realize the NP ripple
reduction. In [28], a modified DPWM method was presented to
suppress the NP fluctuation by using redundant clamping modes.
However, the essence of the above methods is to distribute the
duty cycles of redundant vectors to regulate the NP voltage
balance. When the modulation index is high, the redundant
vector cannot completely offset the influence of the medium
vector on the NP voltage in one switching period [29]. Therefore,
the NP voltage balance for electrolytic capacitorless Vienna
rectifiers is difficult to achieve in the whole linear region.

In order to ensure the NP voltage balance, it is necessary to
reduce the influence of the medium vector on the NP voltage
when the modulation index is high. For the NPC convert, a
virtual-space-vector PWM (VSVPWM) was proposed to sup-
press the NP fluctuation for the whole modulation index [30],
[31]. In [7] and [32], a fast-processing modulation strategy was
proposed to simplify the VSVPWM. The above methods can
reduce the influence of the medium vector based on the virtual-
space-vector concept. These methods need to output three states
of positive (P), zero (O), and negative (N) to realize zero NP
current in one switching period, which is impossible for Vienna
rectifiers owing to the force-commutated current. Consequently,
the VSVPWM is not suitable for the Viennarectifier [11].In[33],
anew switching method called the selected vector was proposed.
When the modulation index is high, the method selects two
large vectors and a redundant vector to synthesize the reference
voltage, which can reduce the negative influence of the medium
vector on the NP voltage. However, itis always disabled to output
two large vectors in one sector for Vienna rectifiers due to the
force-commutated current.

This article proposes a hybrid modulation strategy combining
the modulations of redundant vector and compression vector for
electrolytic capacitorless Vienna rectifiers to solve the issue of
unbalanced NP voltage. The NP fluctuation and the input current
harmonics of conventional SVPWM at high modulation index
are aggravated with largely reduced dc-link film capacitors. By
analyzing the comprehensive causes of the limitation of the
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Fig. 1. Topology of electrolytic capacitorless Vienna rectifiers.

NP-balance capability of SVPWM, the compression coefficient
is introduced. This coefficient can redistribute the duty cycles of
Vienna rectifiers, which is used to reduce the negative effect of
medium vector on the NP voltage. The implementation of the
proposed strategy is realized by the equivalent CBPWM, which
can reduce the sector judgment and the angle calculation. To
reduce the harmonics of input currents, the phase voltage error
is analyzed to select the appropriate adjustment factor. Com-
pared with the conventional SVPWM, the hybrid modulation
strategy can realize the NP voltage balance and the input current
harmonics reduction simultaneously. The effectiveness of the
proposed strategy is verified on the experimental platform.

II. ANALYSIS OF UNBALANCED NP VOLTAGE OF
ELECTROLYTIC CAPACITORLESS VIENNA RECTIFIERS

A. NP-Balance Capability of Conventional SVPWM for
Electrolytic Capacitorless Vienna Rectifiers

The topology of electrolytic capacitorless Vienna rectifier is
shown in Fig. 1, which includes the input filter, the three-phase
diode rectifier, the three bidirectional switching units and the
film capacitors. In Fig. 1, e, is the grid voltage, where x = a, b,
and c. i, is the input current, u,,, is the output voltage between
the x phase and midpoint n of grid voltage. R,, and L, are the x-
phase resistance and inductance, respectively. upo and upn are
the upper and lower DC-link voltages, respectively. upc is the
dc-link voltage. R is the dc-link resistance. The main frequency
of NP current is three-time that of the grid [20]. When ignoring
other components, the NP current can be expressed as

inp = kemly, cos(3wt + ¢) ()

where k is the proportional gain of NP fluctuation, m is the
modulation index, I, is the amplitude of the input current, w
is the grid frequency, and ¢ is the initial phase. According to
Kirchhoff’s law, the voltage difference between the upper and
lower capacitors Au can be expressed as

I
Au = upg — uoN = _6/ inpdl. )
0

According to (2), the cause of unbalanced NP voltage is
the presence of the NP current, and Au is inverse with the
capacitance. Therefore, when the volume of dc-link capacitors
is small, the unbalanced NP voltage will be aggravated.
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Fig. 2. Distribution of the conventional SVPWM. (a) Vector distribution.

(b) Distribution of unbalanced intervals.

To suppress the NP fluctuation, the SVPWM strategy with
redundant vector modulation can be adopted. Due to the sym-
metry, the vector diagram of [0, /3] is taken as an example
to analyze the NP-balance capability of conventional SVPWM,
which is shown in Fig. 2(a). The selections of voltage vectors
and calculations of duty cycles in other sectors are similar with
this vector diagram.

In order to improve dc-link voltage utilization and reduce the
voltage stress of the device, the dc-link voltage is set as low
as possible, which leads to a relatively high modulation index.
When the modulation index is higher, the reference voltage
vector mainly passes through subsectors 3—6. According to the
volts-second balance rule, the duty cycles of voltage vectors in
subsector 5 can be expressed as

do = 2fm(\/§cos¢9+sin9)
dy = 2msinf 3)
do = m(\/gcose—sinﬁ) -1

where 6 is the phase angle of the reference voltage, dj, d1, and
dy are the duty cycles of small vector Uy, medium vector Uy
and large vector Us, respectively, and m is the modulation index
defined by

o \/glUref‘
m=-——1

Upc

“

where |U,¢| is the modulus of the reference voltage. When the
rectifier outputs PON in subsector 5, the b-phase current is
connected to O. Therefore, modifying the duty cycle of PON
can control b-phase current flowing into the NP. Similarly, the
redundant vector ONN can control a-phase current flowing into
the NP, and POO has the opposite effect on the NP current.
Based on the relationship between the voltage vector and the
NP current, i, can be expressed as

inp =g (1 — 2k‘r) do + ipdy 5)

where &, € [0, 1] corresponds to the distribution factor of the
positive redundant vector, such as POO. From the above analy-
sis, the NP fluctuation aggravates under small-value capacitors.
Therefore, in order to balance the NP voltage, the NP current
should be zero in one switching period. According to (3) and
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Fig. 3. NP current iy}, and voltage difference Au of conventional SVPWM.

(a) inp under different k.. (b) Au under different capacitances.

(5), k,~ can be calculated as

m [fz'a (\/gcos 0 + sin 0) + 24y sin 9] + 21,
21, [Qfm(\/gcoséqtsine)] '

ky = (6)

From (6), k.. is related to m and 6. Considering the range of
k. 1is [0, 1], m needs to meet the following constraints
—2i,

[ia (V3 cos 0+sin 0)+2iy sin 0]

2%, (7N
S m S [ia(\/gcos 0+sin 0)+2ib sin 9] :

When the Vienna rectifier operates at unity power factor, the
input currents can be expressed as

iq = Iy cos (0)
iy = Iy cos (0 —2m/3) . 8)
ic = I cos (0 +2m/3)

According to (7) and (8), the distribution of unbalanced
intervals under different m and 6 can be obtained, as shown in
Fig. 2(b). When m<0.95, the conventional SVPWM can achieve
the NP balance, which is unrelated with . When m>0.95, some
intervals violate the constraint conditions, showing unbalanced
intervals. Therefore, when m>0.95, the conventional SVPWM
cannot achieve the NP balance in partial intervals, which lead to
the NP fluctuation and are proportional to m. Subsectors 3 and 4
can realize the NP balance, regardless of the change of m and 6.
When m>0.95, the NP fluctuation mainly occurs in subsectors
5 and 6.

In order to further illustrate the limitation of the NP balance
capability of the conventional SVPWM, i, under different k.
based on (3) and (5) is shown in Fig. 3(a). When the reference
voltage is located at sector I, the input currents satisfy i,>0,
i,<0, and i.<0. When k,- = 0, the duty cycle of the redundant
vector ONN and POO are the maximum and zero, respectively.
According to the influence of voltage vector on the NP current,
the NP current reaches the maximum. Similarly, when k, = 1,
the NP current reaches the minimum.

It can be seen from Fig. 3(a), when 0 is in [0, 7/18], the
maximum NP current is greater than zero and the minimum NP
currentis less than zero. There is an appropriate .. to keep the NP
balance. When 6 is in [7/18, /6], the maximum and minimum
NP currents are both less than zero. It is impossible to realize the
zero NP current by changing k... Therefore, to ensure the zero
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NP current in one switching period, the NP current should be
increased in appropriate intervals.

From (2) and (5), the Au under different capacitance of
conventional SVPWM is obtained, as shown in Fig. 3(b). It
can be seen that Au is not zero in the unbalanced intervals,
resulting in the NP fluctuation whose frequency is three-time that
of the grid. With the decrease of capacitance, the peak of the NP
fluctuation increases significantly. As a result, when m>0.95,
the conventional SVPWM cannot realize the NP balance due
to the existence of unbalanced intervals. Moreover, due to the
largely reduced dc-link film capacitors, the NP fluctuation is
further aggravated.

B. Analysis of the NP Fluctuation Influence on Input Currents
of Vienna Rectifiers

The NP fluctuation not only increases the voltage stress,
but also causes the distortions of input currents. To obtain the
effect of the NP fluctuation on the input currents, the impulse
equivalency is used. When the modulation wave is positive, the
impulse is shown in Fig. 4. When the upper and lower voltages
are equal, the impulse of modulated wave u, corresponds to
S1. When the capacitor voltage is deviated from Au, the actual
impulse is (S1+S2). It can be seen that the NP fluctuation leads
to the deviation of the impulse of the Vienna rectifier.

To analyze the influence of the NP fluctuation on the modula-
tion wave, the impulse (S1 + S2) can be equivalent to the impulse
(81 + S3) of NP balance, and the corresponding modulated wave
is

u
Ug_equ = Uy T — Uy 9)
Upc

where u, is the x-phase modulation wave with balanced NP
voltage, and u,,_cq, is the equivalent modulation wave with the
unbalanced NP voltage.

Similarly, when the modulation wave of the Vienna rectifier
is negative, the equivalent modulation wave is

Au

Uy _equ = Ug — w Uy -
DC

(10)

Based on (9) and (10), the equivalent modulation wave with
the unbalanced NP voltage is uniformly written as
Au

Ug_equ = Ug + — |u’£| .
Upc

(11)
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Substituting (2) into (11), the modulation wave including the
NP fluctuation can be obtained

 kpmdy, [sin (3wt + ¢) — sin ¢

SwC’uDC
It can be seen that the modulation wave has the error, which
is inverse with capacitance. Therefore, the error of modulation
wave will further increase with reduced dc-link capacitors.
In order to analyze the influence of the error on the input
currents, the relationship between the actual modulation wave
Uy act and iy is

. ega: — Ugn
, — er ~ U 13
! Ry + sL; (13)
Ugn = Ug_ref T+ Ug_err (14)
Ug_err = m (15)

Ug_act — Ug_ref — 3

where u;_,or is the x-phase sinusoidal modulation wave, and
Uy_err 18 the x-phase voltage error. According to (13) and (14),
it can be seen that when u;_.,, = 0, the harmonics of the input
currents are zero with the ideal grid voltage. When u,,_c. #0,
the harmonics of input currents are the same with those of the
phase voltage errors, which are proportional to u,_,.. Based on
(11) and (15), the a-phase voltage error u,_c,s caused by the
NP fluctuation can be expressed as

Au (2 |ua| — Jup| — [uc|)

Uq,_errf = .
- 3upc

(16)

Combing (2) and (16), phase voltage errors of different capaci-
tance are shown in Fig. 5. It can be seen that there is phase voltage
error at unbalanced intervals. Moreover, the phase voltage error
will further increase with capacitance decreasing, which will
increase the harmonics of input currents.

Therefore, the largely reduced dc-link capacitors aggravate
the NP fluctuation and the harmonics of the input currents, and
it is important to develop control algorithm to ensure the NP
balance.

IITI. PROPOSED HYBRID MODULATION STRATEGY FOR
ELECTROLYTIC CAPACITORLESS VIENNA RECTIFIERS

In order to ensure the NP voltage balance for electrolytic
capacitorless Vienna rectifiers, a hybrid modulation strategy is
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proposed, which combines the modulations of redundant vector
and compression vector. To simplify the proposed strategy, the
implementation is realized by CBPWM. The block diagram of
the proposed strategy is shown in Fig. 6.

A. Principle of the Proposed Strategy

To realize the NP balance, the compression coefficient A is
introduced, whose range is [0, 1]. The duty cycle of subsector 5
can be written as

dOfcomp - (1 - )L) dl + dO
dl_comp - )‘-dl
d2_comp = d2

a7

where do_comp» d1_comp, and da_comp are the duty cycles of
Uy, U, and U, introduced A, respectively. According to (3) and
(17), the influence of A on duty cycles can be obtained, as shown
in Fig. 7. The duty cycle of each vector is the same as that of
the conventional SVPWM when A = 1. With the increase of
0, the duty cycle of medium vector increases, while the duty
cycles of redundant and large vectors are reduced. Since the
NP current of medium vector is uncontrolled, the NP-balance
capability of conventional SVPWM is limited. When A#1 and
0€[n/18, w/6], the duty cycles of redundant vector and medium
vector have changed, which are inverse to A. When A = 0, the
duty cycle of medium vector is zero, while the duty cycle of the
redundant vector reaches the maximum.

Therefore, the negative influences of the medium vector on
the NP current can be reduced with the decrease of A, which is
beneficial to keep NP balance. The NP current with A can be
obtained as

inp = ia [(1 = A)dy + do] (1 — 2k:) +iphdy.  (18)

According to (5) and (18), the a-phase and b-phase currents
flowing into the NP are increased and reduced when A<,
respectively. Considering i,>0>i;, the NP current at sector I
is increased, which is beneficial to iy, = 0. According to (18),
both X and k, can regulate the NP current. In Fig. 7, A changes
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TABLE I
DISTRIBUTION FACTOR AND COMPRESSION COEFFICIENT OF SECTORS

Sector Distribution factor k; Compression coefficient /
i (d,+d
VIV =0 (4 ).
d, (lmax - lmid)
(dy +d, )iy
WIV/VI k=1 (dy+d,)iy,

dl (inxin _inxid)

the duty cycles of voltage vectors. Therefore, A is inverse to the
error of synthetic voltage.

In order to select proper k,- and A, it can get corresponding A
under different k,- and €, as shown in Fig. 8.

It can be seen that when k,> 0.5, A exceeds the range of
[0, 1], indicating there is no solution. When k,.€[0, 0.5], A is
inverse to k.. Therefore, it can select k,- = O to reduce the error
of synthetic voltage. This result can be illustrated according to
Fig. 3(a). It can be seen that the maximum and minimum NP
current is less than zero when 0 €[7/18, 7/6]. In order to reduce
the error of synthetic voltage, the maximum current should be
increased to zero, which is corresponding to k, = 0. Similarly,
the maximum and minimum NP current is greater than zero
when 0 €[7/6, 57/18]. The minimum current is reduced to zero,
which is corresponding to k, = 1.

When k.- is known, XA can be expressed as

- iq (do + dy)
dl (ia - Zb) '
The values of k,- and A in different sectors are given in Table I,

where i ax, imid, and iymi, are maximum, middle, and minimum

input currents, respectively.

The introduction of A can realize the NP balance, but it also
causes the error of synthetic voltage. In order to further improve
the performance of the Vienna rectifier, the adjustment factor
T€[1, 1/1] is introduced. The relationship of 7 and A is

19)

)Vadj =TA (20)

where 1,4 is the adjusted compression coefficient. According
to (2) and (20), the NP fluctuation under different 6 is shown
in Fig. 9. Compared with SVPWM with k, = 0.5, the NP
fluctuation of the proposed strategy is reduced because there
is no NP fluctuation in some intervals. When 7 = 1, the NP
fluctuation is zero, and there is the error of synthetic voltage.
When 7 = 1/A, it can get A,q; = 1 according to (20), and the NP
fluctuation reaches the maximum. According to Fig. 7, synthetic
voltage has no error currently. Therefore, 7 can adjust the NP
fluctuation and the error of synthetic voltage.

B. Implementation of Hybrid Modulation Strategy

1) Modulation of Redundant Vector: From the above anal-
ysis, the NP balance in partial intervals can be realized by
distributing the duty cycles of redundant vectors, such as
[0, /18], which is defined as the modulation of redundant
vector. In [12], the SVPWM in Vienna rectifier is equivalent
to the injection of common-mode components at three-phase
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The modulation wave of the redundant vector can be ex-
pressed as

Uq_vec = Uq_ref + Ucom
Up_vec = Up_ref T Ucom (23)
Ue_vec = Ue_ref T Ucom

where U,_vec, Up_vec, aNd U._yec are the three-phase modulation
waves of the redundant vector, respectively.

Although the proposed strategy can achieve zero NP current
in one switching period, the initial potential of the capacitor
may be different due to the charging speed and the capacitance
volume, which requires balance control. The dc components
can be injected into the modulation wave through PI controller
Fig.8.  Corresponding A under different distribution factors k; and phase angle o solve the dc unbalance, as shown in Fig. 6.

0 2) Modulation of Compression Vector: According to Table I,

it can be seen that the calculation of X is related to sectors. For the

WSIXIPIXI(‘]’IS ' judgment of I/ITI/V and II/IV/VI, the sign of the middle current

t imiq 18 selected: when i,;0 <0, the reference voltage is located
=104 at sector I/ITI/V, otherwise it is located at sector II/IV/VI.

To simplify the proposed strategy, the modulation wave with
A = 1 is obtained firstly. From (23), the modulation wave of
subsector 5 with k,. = 0 can be expressed as

1 /18

Au(V)

Uq_1 = Up_ref — Ue_ref — 1
Up_ 1 = Up_ref — Uc_ref — 1 (24)
uc_l = -1

Fig. 9. NP fluctuation under different 6. where u,_1, up_1, and u._; are the three-phase modulation
waves when A = 1.
) ) ) ) o The relationship between the duty cycle and modulation wave
sinusoidal modulation waves. With the normalization of u,_ ¢ is
by upc/2, the three-phase sinusoidal modulation waves can be

do=1—-u
expressed as 0 al )
{d1=1+ub1 (%)
Uaget = 2/V/3m os 0 According to (19) and (25), % can be obtained as follows:
U = 2/\/§mcos 0 —27/3) . @1 ccording to (19) and (25), A can be obtained as follows:
Ue_ref = 2/\/§m cos (0 + 27/3) (2 —uq1+up1)ia

A= . 26
(ub_l + ].) (ia — ’ib) ( )

Based on CBPWM, the relationship between the duty cycle
Ucom = Kr (1 — Wmax + Wmin) — Wmin (22)  and modulation wave of redundant vector can be calculated as

The injected common-mode component is

where Wy,ax and wyi, are the maximum and minimum values Uqg_comp = 1 — [(1 — Aagj) d1 + do)

. Ug_ref  Ug_ref = 0 Up_comp = Aagjd1 — 1 27
of wy, respectively, and w, = rre - . —~comp J
* P Y * { Ug_ret + 1 Uy _ref < 0 Ue_comp = —1
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TABLE II
MODULATION WAVES AND COMPRESSION COEFFICIENTS OF DIFFERENT SECTORS

Sectors Modulation wave with A=1 Modulation wave with A, Compression coefficient 1
Unmax_1= Usef_max—Uref_min—1 Umax_comp=Umax_1+(Aagi—1)(mia_1+1) (2 U | g 1) i
v Umid_1— Mrcf_mirurcf_mirl Umid_comp :iadj(umid_l‘*'l)*l ( n 1) ( i )
Upin=—1 Umin_comp™= -1 Upnig 1 nax ~ Ymid
a1 Hmax_comp =1 (2 T Uig 1 T Ungin )imm
II/IV/VI Umid_1= Uref_mid — Uref_ max+1 Umid__comp — =1 adj(umld 1_1)+1

umm71 ureQmm - uretimax*’l

Umin_comp

(1 Ui )(imm —lia )

= Umin l+(j~adj 1)(umld 1_1)

where i14_comp» Ub_comp and ._comp are the three-phase modu-
lation waves of compression coefficient. Combing (25) and (27),
the modulation wave of redundant vector can be expressed as

Uq_comp = Uqa_1 — (1 - )Vadj) (ub_l + 1)
= agj (up 1 +1) — 1

Uc_comp = -1

(28)

Up_comp

Modulation waves and compression coefficients of different
sectors are given in Table II, where uyax_1, Umid_1, and tpin_1
are the maximum, middle and minimum of u;, 1, and Uy ax'comp>
Umid comp»> ANd Umin'comp are the maximum, middle, and mini-
mum of #;,_comp, respectively.

3) Modulation Intervals Judgment: In order to generate the
correct modulation wave, the modulations of redundant vector
and the compression coefficient need to judge. When k,. € [0, 1],
it belongs to the modulation of redundant vector, otherwise it
belongs to the modulation intervals of the compression coeffi-
cient. In order to calculate k,., the NP current in the modulation
intervals of redundant vector can be expressed as

Z'np = —Uq_vec |ia‘ — Ub_vec |Zb| — Uc_vec ‘Zc| . (29)
When i, = 0, k,- can be obtained as
_ ua,ref‘ia‘+ub,ref|ib|+uc,ref‘iu‘ A
AESCARSIA T Wnin
k. = (30)

1- Wmax T Wmin

From the above analysis, it can be seen that the implemen-
tation of the proposed strategy can be realized through four
operations on the premise of three-phase sinusoidal modulation
waves, which can reduce sector judgment and angle calculation.

C. Evaluation of the NP Fluctuation and the Input Current
Harmonics of the Proposed Strategy

According to Table II, the a-phase modulation wave of the
proposed strategy is

Ug 1 — (1= Aag)(up 1+ 1) 0 € [0, 5] &k, ¢ [0,1]

1 0[5 5] &k ¢ 10,1]
Magj (Ug 1 — 1) + 1 0 €[5, 5] &k: ¢[0,1]
Magj (Ug_1 +1) =1 0 €%, & &k ¢10,1]
-1 06[2{,?]8%: ¢ [0,1]
Uq_1 + ()»adj - 1) (uc - 1) b€ [%77 &kr ¢ [07 1}
Ug_1 0 € [0, 7] &k, € [0,1]

3D

1.2

o : u,

z Modulation a

3 interval of | Modulation interval of

g redundant | compression coefficient
k- vector with k=0
=R >ie >
20

<)

g < >« >
2 L Modulation
£ * p Modulathn interval .of interval of
g compression coefficient} ..qindant
2 with k=1
ﬁ ‘ u, vector
-1.2

0 /18 /6 57/18 /3
O(rad)

Fig. 10.  Three-phase modulation waveforms of the proposed strategy.

According to (31), the three-phase modulation waveform is
shown in Fig. 10. It can be seen that the c-phase voltage is
clamped to —1 in the modulation intervals of the compression
coefficient when k,. = 0. The main reason is that the reference
voltage vector is synthesized by ONN, PON, and PNN, which
is beneficial to reduce the switching losses.

In order to analyze the harmonics of input currents in the
modulation intervals of the compression coefficient, the a-phase
voltage error uq_crp caused by compression coefficient based
on (15) and (31) can be expressed as

D01 t) g [0, 2] &k, ¢ 0, 1]
2 lnsh) g ¢ [2,3] ok ¢ 0,1
Gar V) g e [z 2] ok, ¢ [0, 1] (32)
CaDtastl) g e [2, 2] &hr ¢ [0,1]
b btet) g ¢ (3 5] b ¢ 01
Gar i) g e [3,m) &hu ¢ [0,1]

It can be seen that u,_g;rp, 1s inverse to A,4; and turns to zero
when 14,45 = 1. Therefore, it can select different 7 to adjust the
harmonics of input currents. In Fig. 9, it can be seen that there
is NP fluctuation when 7#1. Therefore, the phase voltage error
of the proposed strategy is composed of the NP fluctuation and
Aadj# 1, and its root mean square (RMS) is

> e = 1/2ﬂ(u )2de + l/ﬂ(u )2do
er — o 0 a_errf T Jo a_errp .

(33)
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Fig. 11.  Variations of o and Zuey, under different adjustment factors 7 and
modulation index m. (a) Variation of o. (b) Variation of Zueyy.
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Fig. 12. Comparison results between the conventional SVPWM and the pro-

posed strategy. (a) Comparison results of o. (b) Comparison results of Zueyy.

In order to evaluate the NP fluctuation of the proposed strat-
egy, the RMS of NP fluctuation is introduced

1 2 5
o=4— (Au)~de.
2 0

Variations of o and X u,. under different 7 and m are shown
in Fig. 11, where upc = 120 V and C = 10 puF. According
to Fig. 11(a), the NP fluctuation is proportional to m, which
is mainly due to the increase of the unbalanced intervals. 7
is inverse to the NP fluctuation. Therefore, it can change the
NP fluctuation with different 7. According to Fig. 11(b), the
harmonics of input currents is proportional to m. When m<0.97,
the harmonics of input currents is basically independent with 7.
When m>0.97, the harmonics of input currents decreases ini-
tially and increases afterward with the increase of 7. Therefore,
to reduce the NP fluctuation and harmonics of input currents,
7 = 1.02 is selected.

When 7 = 1.02, the comparison results between the conven-
tional SVPWM and the proposed strategy are shown in Fig. 12.
It can be seen that the proposed strategy can reduce the NP
fluctuation and harmonics of input currents, simultaneously.

(34)

IV. EXPERIMENTAL RESULTS

The proposed strategy was verified on a Vienna rectifier
experimental platform with film capacitors, as shown in Fig. 13.
The inverter includes 10-uF film capacitors, the power board,
and the control board. The bidirectional switch is constructed by
integrating two IPP65R190C7 MOSFETs and it is driven by the
UCC21520 driver. The diodes used are SiC C4D08120 A. The
whole algorithm is executed on the TMS320F28379D control
board. The Chroma61512 is used to provide the ac-power source.
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Fig. 13.  Experimental platform of Vienna rectifier with film capacitors.
TABLE III
PARAMETERS OF VIENNA RECTIFIER
Parameter Value
Phase voltage 45V
Grid frequency 50 Hz
Switching frequency 50 kHz
Input inductance 3 mH
Input current 4A
DC-link capacitance 10 puF
DC-link resistance 29 Q
m=0.92 m=0.96 m=1"
e A i
upc(AOV/div) b Hox (0VAdiv)

A - B .

ODWWWWWMWWW
0p| Au (40V/div) ¥ ia(10A/div) : < 0
L e AT AT AT 2T B AT

Time(20ms/div)

Fig. 14.  Experimental results of conventional SVPWM under different m.

Experimental waveforms are acquired by a waveform recorder
DLM?2054. The parameters of Vienna rectifier are given in
Table I11.

In order to verify the NP-balance capability of conventional
SVPWM, the experimental results under different m are shown
in Fig. 14. It can be seen that when m = 0.92, the SVPWM can
realize the NP balance and there is no NP fluctuation. The max-
imum RMS of Auis 1.5V, which is 1.3% of the dc-link voltage.
When m = 0.96, there is NP fluctuation, whose frequency is
three-time that of the grid and RMS is 2.5%. When m = 1, the
NP fluctuation is larger due to the increase of the unbalanced
intervals. The RMS of Au is 17 V, which is 15% of the dc-link
voltage. Therefore, the conventional SVPWM cannot realize the
NP balance for electrolytic capacitorless Vienna rectifiers, and
the RMS of Au is larger with the increase of m. The experimental
results are consistent with Section II-A.

Experimental results of different strategies when m = 0.96
are shown in Fig. 15. In Fig. 15(a), the NP fluctuation of
conventional SVPWM with k = 0.5 is the largest, which leads to
input current distortions. In Fig. 15(b), modulation of redundant
vector can reduce the NP fluctuation, but it cannot realize the
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Fig. 15. Experimental results of different strategies when m = 0.96.

(a) SVPWM strategy with k, = 0.5. (b) SVPWM strategy with redundant vector
modulation. (c) Proposed hybrid modulation strategy.
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Fig. 16.  Experimental results of different strategies when m = 1. (a) SVPWM

strategy with redundant vector modulation. (b) Proposed hybrid modulation
strategy.

NP balance due to the unbalanced intervals. In Fig. 15(c), the
proposed strategy can basically eliminate the NP fluctuation and
realize the NP balance, which proves the effectiveness of the pro-
posed strategy. Experimental results of different strategies when
m = 1 are shown in Fig. 16. It can be seen that the modulation
of redundant vector cannot suppress the NP fluctuation, which
causes higher voltage stress on dc-link capacitors and switching
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Fig. 17. FFT results under different m. (a) SVPWM under m = 0.96.
(b) Proposed strategy under m = 0.96. (c) SVPWM under m = 1. (d) Proposed
strategy under m = 1.

devices. In Fig. 16(b), the proposed strategy can also effectively
suppress the NP fluctuation. The maximum RMS of Auis2.5V,
which is 16% of that of conventional SVWPM. Therefore, the
proposed strategy can realize the NP balance and reduce the
voltage stress.

The fast Fourier transform results under different m are shown
inFig. 17. It can be seen that the input currents mainly include the
5th, 7th, 11th, and 13th harmonics. Therefore, the NP fluctuation
not only causes the voltage stress on dc-link capacitors, but also
leads to the distortions of input currents. Comparing Fig. 17(a)
and (c), it can be seen that the input current harmonics is
proportional to m because of the increase of NP fluctuation.
Comparing Fig. 17(b) and (d), the input current harmonics are
also proportional to m because of the increase of phase error
voltage. According to Fig. 17, it can be seen that the input
current harmonics of the proposed strategy is lower than that
of conventional SVPWM. Therefore, the proposed strategy can
reduce harmonics of the input currents.

Fig. 18 shows experimental results of the proposed strategy
under different 7. According to Fig. 18(a), the NP fluctuation
and harmonics of input currents of 7 = 1.06 are the largest under
m=0.97. When 7 = 1.02, the NP fluctuation can be suppressed,
which has slight oscillation. When 7 = 1, the NP fluctuation
can be eliminated, but the total harmonic distortion (THD) of
input currents increases slightly. According to Fig. 18(b), the
NP fluctuation of 7 = 1 is the minimum when m = 1. The
minimum THD of input currents is 7 = 1.02. Therefore, 7 can
change the NP fluctuation and THD of input currents. To reduce
the NP fluctuation and harmonics of input currents, 7 = 1.02 is
selected.

Fig. 19 shows dynamic operations of the proposed strategy.
In Fig. 19(a), it can be seen that when the input phase voltage
is 88% rated phase voltage, the NP fluctuation is nearly zero.
When the input phase voltage is rated phase voltage, there is
the slight NP fluctuation due to the increased m. As can be
seen from Fig. 19(b), the NP fluctuation of R = 60 €2 is lower
than that of R = 30 2 due to the decrease of the input current,
and the proposed strategy can remain stable when the dc-link
load is abruptly changed. In Fig. 19, it can be seen that the
maximum Ay and the THD of input currents are 3.5 V and
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Fig. 18. Experimental results of the proposed strategy under different 7.
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Fig. 19. Dynamic operations of the Vienna rectifier. (a) Input phase voltages

are step-up from 88% rated phase voltage to rated phase voltage. (b) DC-link
resistance is step-down from 60 to 30 €2.

3.8%, respectively. Therefore, the proposed strategy can realize
the NP voltage balance and input current harmonics reduction
during dynamic operations of the Vienna rectifier.

Fig. 20 shows the experimental comparison results under
different m. In Fig. 20(a), the NP fluctuation of the proposed
strategy is proportional to m and 7. When 7 = 1, the maxi-
mum o of the proposed strategy is 2.5 V, and the conventional
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Fig.20. Experimental comparison results under different m. (a) Experimental
results of o. (b) The experimental results of THD of input currents.

SVPWM is 17.5 V, which further verifies that the proposed
strategy can realize the NP balance. According to Fig. 20(b),
it can be seen that the THD of the proposed strategy is pro-
portional to m. The THD of input currents of the proposed
strategy is significantly lower than that of the conventional
SVPWM. When 7 = 1.02, the THD of input currents is
minimum, which is consistent with Fig. 11(b). Therefore, the
phase voltage error can effectively analyze the input current
harmonics of the proposed strategy. The execution times of
the conventional SVPWM strategy and the proposed strategy
are 5.6 and 5.8 us, respectively. The execution time of the
proposed strategy is slightly longer than that of the conventional
SVPWM strategy, but it does not impose a burden on the system.
Therefore, the proposed strategy has advantages in practical
applications.

V CONCLUSION

In this article, a hybrid modulation strategy combining the
modulations of redundant vector and compression vector is
proposed. The NP-balance capability of conventional SVPWM
for electrolytic capacitorless Vienna rectifiers is analyzed, and
the NP fluctuation and the input current harmonics are larger
with the largely reduced capacitors when modulation index
is high. With the proposed strategy, the NP fluctuation of
dc-link film capacitors can be suppressed by the compres-
sion coefficient. Additionally, by analyzing the model of phase
voltage error, the input current harmonics can be reduced
with the appropriate adjustment factor. The experimental re-
sults indicate that the proposed strategy has lower NP fluctu-
ation and THD of input currents compared with conventional
SVPWM.
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