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Optimized Carrier-Based DPWM Strategy Adopting
Self-Adjusted Redundant Clamping Modes for
Vienna Rectifiers With Unbalanced DC Links
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Abstract—When the Vienna rectifier operates at unbalanced
dc links, the conventional carried-based discontinuous pulsewidth
modulation (CB-DPWM) strategy suffers from the neutral point
(NP) voltage fluctuation and the input current distortion. An
optimized CB-DPWM strategy adopting self-adjusted redundant
clamping modes is proposed in this article to solve the above issues.
To reduce the input current distortion under unbalanced dc links,
the modulation waves of CB-DPWM are modified according to
the subsector redivision, and the limited operation region can be
obtained. To extend the operation range of the Vienna rectifier,
the voltage vector trajectory of CB-DPWM is optimized combined
with the current error minimization and the voltage loss area com-
pensation. To minimize the NP voltage fluctuation, the redundant
clamping modes under unbalanced dc links are self-adjusted in
real time according to the unbalanced degree. Moreover, the NP
voltage fluctuation of the proposed strategy is evaluated by the root
mean square of the NP current fluctuation. The effectiveness of the
proposed strategy is verified by experiments on a Vienna rectifier
platform.

Index Terms—CB-DPWM, input current distortion, NP voltage
fluctuation, self-adjusted redundant clamping modes, unbalanced
dc links, Vienna rectifier.

I. INTRODUCTION

OMPARED with the conventional three-level converters,
C the Vienna rectifier has the advantages of high efficiency,
high-power density, and high reliability [1], [2], [3]. In some
power conversion applications, the dc-link voltage of the Vienna
rectifier can be used as two independent voltage sources to
reduce costs [4], [5], [6]. To meet the requirements of the dc-link
loads at different working conditions, the voltage sources need
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to operate at different voltages, resulting in unbalanced dc links
of the Vienna rectifier [6]. When the Vienna rectifier operates at
unbalanced dc links, the magnitude and the phase of the voltage
vector would change, which results in the low-order harmonics
of the input currents [7], [8]. In addition, the neutral point (NP)
voltage of conventional pulsewidth modulation (PWM) has three
times grid frequency fluctuation, which affects the power quality
of the dc link of the Vienna rectifier [9], [10]. Therefore, the
advanced control and modulation method for Vienna rectifier
with unbalanced dc links needs further investigation.

To reduce input current distortion under unbalanced dc links,
the effect of voltage vector change on the voltage synthesis
should be considered. The strategies can be generally classi-
fied into two groups: the space-vector PWM (SVPWM) strate-
gies and the carrier-based pulsewidth modulation (CB-PWM)
strategies [11], [12], [13]. For the SVPWM strategies, a new
SVPWM strategy was proposed in [14], which can reduce the
low-frequency output voltage distortion. In [15], a modified
SVPWM strategy was proposed to optimize the subsector divi-
sion. In order to reduce the computational burden, a redundant
vector preselection optimal switching sequence model predic-
tive control scheme was proposed in [16]. Compared with the
SVPWM strategies, the CBPWM-based strategies are simple to
implement. A simplified PWM strategy was proposed in [17],
which omits to detect the position of the reference voltage vector
and maximizes the linear modulation range. In [18], a hybrid
PWM strategy combined the SVPWM and CB-PWM method
was proposed, which can realize the asymmetric control of the
dc-link voltages. However, the above CB-PWM-based strategies
are mainly aimed at the three-level neutral-point clamped con-
verter and lead to the input current distortion at zero-crossing
point due to violating the basic rule of the Vienna rectifier [19]. In
[20], amodified CB-PWM was proposed to reduce the low-order
harmonics of the input currents for the Vienna rectifier. In [21],
a novel zero-sequence component injection modulation method
was proposed to improve the input current quality of the Vienna
rectifier with unbalanced dc-link voltages.

To reduce the NP voltage fluctuation with unbalanced dc links,
the NP current fluctuation should be suppressed. In [22], an im-
proved virtual space vector pulsewidth modulation (VSVPWM)
was proposed to eliminate the fluctuation of the NP voltage. In
[23], the virtual space-vector diagram (VSVD) with unbalanced
dc links was proven identical to the VSVD with balanced dc
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links. However, the VSVPWM strategy is not suitable for the
Vienna rectifier due to the disabling of small vectors in one
sector. In order to meet the basic rule of the Vienna rectifier,
a novel CB-PWM with segmented component was proposed to
reduce the NP current fluctuation and the input current distortion
under balanced and unbalanced dc links [4].

The above strategies belong to the continuous PWM, and it
is recommended to adopt the discontinuous PWM (DPWM)
strategies to improve the efficiency and the power density of
the Vienna rectifier [24], [25]. In [26], an adaptive control of
DPWM was proposed to reduce the input current distortion
under unbalanced dc links. In [27], an analytical DPWM was
proposed, which can suppress output harmonics and maximize
the linear modulation region. However, when the above strate-
gies are adopted, the output voltage of Vienna rectifier and the
input current directions are opposite in some regions, which
adds the harmonics of the input current. For the Vienna rectifier,
a dynamic space vector DPWM was proposed to eliminate
the effect of the deviation vector, reducing the input current
distortion [28]. However, the vector diagram with unbalanced
dc-link voltages is asymmetric and complicated. In [29], a
hybrid carrier-based discontinuous PWM (CB-DPWM) scheme
was proposed, which can reduce the input current harmon-
ics by injecting modified zero sequence components. Based
on the above-mentioned analysis, the CB-DWPM can reduce
the computational burden and the input current distortion by
modifying the zero sequence components. However, the NP
voltage fluctuation of conventional CB-DPWM strategies still
exists. In addition, the CB-DPWM has limited operation regions
under unbalanced dc links. As a result, the CB-DPWM strategy
for Vienna rectifiers with unbalanced dc links needs further
research.

This article proposes an optimized carrier-based DPWM strat-
egy adopting the self-adjusted redundant clamping modes for
Vienna rectifiers with unbalanced dc links. First, the limited
operation regions and the NP voltage fluctuation of the conven-
tional CB-DPWM strategy are analyzed. To extend the operation
range of the Vienna rectifier, the voltage vector trajectory of the
conventional CB-DPWM strategy is optimized by the current er-
ror minimization and the voltage loss area compensation, which
can improve the fundamental amplitude of the output voltage
and reduce the input current harmonics. Then, the redundancy
clamping modes under unbalanced dc links are analyzed and
self-adjusted based on the unbalanced degree to suppress the
NP voltage fluctuation. Finally, experiments are performed on
a Vienna rectifier platform to validate the effectiveness of the
proposed strategy.

II. ANALYSIS OF CONVENTIONAL CB-DPWM STRATEGY FOR
VIENNA RECTIFIERS WITH UNBALANCED DC LINKS

A. Operation Region of Conventional CB-DPWM Strategy

Fig. 1 shows the typical topology of the Vienna rectifier. The
PO and ON of the dc link are connected to different loads,
respectively. To meet the different power requirements of the
loads, the dc-link voltages should be different.
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Fig. 1. Typical topology of the Vienna rectifier.
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Fig. 2. Vector diagram with unbalanced dc-links.

To describe the difference of the dc output voltage, the unbal-
ance degree 0 is defined as

§ — UpO — UON )
Upc

where upo, uon, and upc are the voltages of the top and bottom

dc-link capacitors, and the dc-link voltage, respectively.

When § > 0, the vector diagram with unbalanced dc links is
shown in Fig. 2, which is not affected by the lag grid currents. As
can be seen that in sector I, the large vectors PNN and the zero
vectors OOO are not affected by unbalanced dc links. However,
the magnitudes of the small vectors POO and ONN are different,
which leads to the error of the voltage synthesis. Therefore, it
needs to redistribute the duty cycles of the voltage vector. Since
the zero-crossing point of the input current remains unchanged,
such as i;, = 0, the sector division of unbalanced dc links is
the same as that of balanced dc links. However, due to the
position change of the medium vectors, such as PON and PNO,
the subsectors need to be redivided. In particular, it is always
disabled to output two large vectors in one sector for the Vienna
rectifiers due to the force-commutated current.

Due to the symmetry, the sector I is taken as an example to
analyze. In sector I, when § > 0, two subsector division methods
are shown in Fig. 3. One of the subsectors division methods is
divided with the small vector POO as the center, which is defined
as DPWMMAX. The other is centered on the small vector ONN,
which is defined as DPWMMIN.
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Fig. 3. Two subsector division methods of the sector I. (a) DPWMMAX. (b)
DPWMMIN.
TABLE I
JUDGMENT CONDITIONS AND INJECTED ZERO SEQUENCE
COMPONENTS OF DPWMMAX
. Injected zero sequence
Subsector Judgment condition ) d
component
1 Urg > UnyTUpo >UreTUpo ~Ura Fipo
2 Uz UpO>Urg™>Use TUPO —Ush
3 Uy TUPO> Ure TUPO™ Uy —Urb
4 urc+u[’0> urb+ul’0>ura —Ure
5 urc+u[’0> Ura >urb+ul’0 —Ure
6 Ura > urc+u[’0 >urb+ul’0 'ura+ul’0

The judgment condition of the DPWMMAX subsector 1 as
shown in Fig. 3(a) is taken as an example to illustrate. Subsector 1
is surrounded by the AB and AC vectors. The 3-axis component
of the vector AB is zero. The expression of the vector ac satisfies

2
Urplr = \/g (Ural - SUPO) (2)

where i1 and u,; are the a3-axis components of the vector ac,
respectively. The three-phase reference voltage in the a/3-axis

can be obtained as
Ure = (2ura — Up — urc) /3

{“rﬁ = V/3 (U — Ure) /3

where u,« (x = a, b, and c) is the three-phase reference voltage,
uro and u,p are the of-axis voltage of the reference voltage.
According to (2) and (3), the judgment condition of the subsector
1is

3

“

According to Fig. 3(a), the reference voltage of subsector 1
is synthesized by the voltage vectors POO, PON, and PNN.
The a-phase voltage is clamped to the P state, meaning that
the a-phase output voltage is upo. Therefore, the injected zero
sequence component of DPWMMAX subsector 1 is

Urg > Urh + UPO > Ure + UPO-

&)

The judgment conditions and injected zero sequence compo-
nents of DPWMMAX are shown in Table I.

Ucom = —Ura + UPO-
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To simplify the injected zero sequence component of DPWM-
MAX, the new modulation wave is defined as

wxlz{

where i« per 1S the normalized references voltage by upc/2,
which can be expressed as

Urx_per Urx_per > 0

Urx_per +1+96 Urx_per < 0 ©)

mcosf
Uspy_per = M cos (6 — 27 /3)
Ure_per = M €08 (0 + 2m/3)

Ura_per

)

where 6 is the angle of the reference voltage vector, and m is the
modulation index.

Therefore, according to Table I and (6), the injected zero
sequence component of DPWMMAX under unbalanced dc links
can be uniformly written as

®)

Ucoml = 1+ 0 — Wmax 1

where W ax 1 1 the maximum wy.

When the range of the carrier is [—1, 1], the modulation wave
of DPWMMAX under unbalanced dc links is
Urx_per + Ucom1

1+sgn(ix)d

Similarly, the injected zero sequence component of DPWM-
MIN can be written as

(€))

Ux_DPWMMAX =

Ucom2= — Wmin 2 (10)
where Wi, 2 1s the minimum wyo, which is defined as
Urx_per Upx_per > 0
Wy = (11)
* {Urx_per + 1- 5 urx_per < 0.

The modulation wave of DPWMMIN under unbalanced dc
links is
Urx_per T Ucom2
1+sgn(ix)d
In order to simplify the modulation wave of DPWM under
unbalanced dc links, (9) and (12) can be uniformly written as

Ux_DPWMMIN = (12)

ul’X_pCl’ + uCOHl
1+sgn(iy)d
where .oy, 1S the injected zero sequence component of DPWM,
which can be defined as

Ux_DPWM = (13)

Ucom = kc (1+6_wmax1 +wmin2) — Wmin?2 (]4)

where k. is the switching coefficient. If k. = 1, the modulation
wave is selected as DPWMMAX. If k., = 0, the modulation wave
is selected as DPWMMIN.

As can be seen from (13), the modulation wave of DPWM
can be implemented without detecting the position of the refer-
ence voltage vector and reduce the low-order harmonics due to
considering the effect of the voltage vectors changes.

However, when the dc-link voltages are unbalanced, the ref-
erence voltage cannot be synthesized in some regions due to the
changes of the voltage vectors. Considering that the ratio of the
inductance voltage drop in the grid voltage is small, the input
current is basically in phase with the grid voltage when the power
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Fig. 5. Clamping modes of the conventional CB-DPWM strategy.

factoris equal to 1. In Fig. 3(a), the available vectors PON, OON,
ONO, and PNO in sector I cannot completely cover [-7/6, 7/6].
When 6 > 0, the voltage vectors of subsectors 7 and 8 called
nonsynthetic subsectors cannot be synthesized, which limits m
of the reference voltage. The maximum m under unbalanced dc
links could be calculated by

Mmax= 2 (
max \/3

When § < 0, the m,,,,4 is the same as (15). When m > myay,

it is defined as the limited operation region. When m < myax,

it is defined as the normal operation region. From (15), the

limited operation region and the normal operation region can

be obtained, as shown in Fig. 4. The normal operation region

is symmetric about § = 0. When § = 0, my,,x = 1.15, and the

rectifier can operate the whole linear region. With the increase

of §, the normal operation region becomes smaller, and the

limited operation region becomes larger. As a result, the normal

operation region of the conventional DPWM strategy is limited
by the unbalanced degree.

1—16]). (15)

B. Analysis of NP Voltage Fluctuation

The unbalanced dc links not only limit the normal operation
region of the conventional CB-DPWM strategy, but also cause
NP voltage fluctuation. To ensure the normal operation of the
Vienna rectifier and reduce the switching loss, k. = 1 at the
sectors I, III, and V and k. = O at the sectors II, IV, and VI are
adopted by the conventional CB-DPWM strategy [29]. In [0,
7/3], clamping modes of the conventional CB-DPWM strategy
are shown in Fig. 5.

To analyze the NP voltage fluctuation of the conventional
CB-DPWM strategy, the intervals [0, 7/3] can be divided into
three regions: AP, BO, and CN. When the reference voltage is
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Fig. 6. NP currents with different 6.
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Fig. 7. Peak-to-peak values of the NP current under different m and 4.

in the AP, the duty cycles of the three-phase voltages can be
expressed as

dy =0
_ Usb_per—Ura_per+2

dy = plfpﬁ (16)
__ Urc_per —Ura_per

dc - 1-6

The NP current of the AP region can be obtained as
ura_peria + urb_perib + urc_peric - 2ia
1-96 '

Using (17), the NP currents with different § can be obtained as
shown in Fig. 6. When 6 = 0, the NP current is the minimum, and
when 6 = /3, the NP current is the maximum. The peak-to-peak
values of the NP currents with different § are the same, which
are equal to 1. Therefore, to illustrate the fluctuation of the NP
current, the peak-to-peak value of the NP current can be used,
which is defined as

a7

Inp =

Tnp_max — %np_min

inpfpeak = T (1 8)

where iy max and inp min are the maximum and minimum
values of the NP current, respectively, and I, is the amplitude
of the input current.

Fig. 7 shows the peak-to-peak values of the NP current under
different m and §. It can be seen that iy, peak Of the conventional
DPWM strategy is unrelated to 5. When m=0, there is the NP
current fluctuation, which reaches the maximum at 2(1-6)/3 < m
< 2(14-6)/3. Therefore, the NP voltage fluctuation of the Vienna
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Fig. 8. Block diagram of the proposed CB-DPWM strategy.

rectifier cannot be suppressed by the conventional CB-DPWM
strategy.

III. OpTIMIZED CB-DPWM STRATEGY WITH SELF-ADJUSTED
REDUNDANT CLAMPING MODES

A. Scheme of Proposed CB-DPWM Strategy

To extend the operation range and reduce the NP voltage
fluctuation of the Vienna rectifier with unbalanced dc links,
an optimized CB-DPWM strategy adopting self-adjusted re-
dundant clamping modes is proposed, whose block diagram is
shown in Fig. 8. It includes four parts: the region judgment, the
self-adjusted redundant clamping modes, the DPWM calcula-
tion of the normal operation region, and the DPWM calculation
of the limited operation region.

First, mp,ax is calculated by (15). When m < myax, the
reference voltage is in the normal operation region. The DPWM
modulation wave can be obtained according to (13) and reduce
the low-order harmonics of the input current. When m > my,x,
the reference voltage is in the limited operation region. The
voltage vector trajectory of the DPWM is optimized with the
current error minimization and the voltage loss area compensa-
tion to extend the operation range. Based on the DPWM mod-
ulation wave, the redundant clamping modes can be real-time
self-adjusted according to the unbalanced degree, which can
effectively reduce the NP voltage fluctuation.

B. Optimization of Voltage Vector Trajectory for DPWM

From the above analysis, when m > my,,x, there are nonsyn-
thetic subsectors in the vector diagram, where the modulation
wave will overmodulate or violate the Vienna rectifier’s basic
rules. To extend the operation range of the Vienna rectifier, the
voltage vector trajectory of DPWM needs to be optimized.

First, judgment conditions of the nonsynthetic subsectors are
shown in Table II, where umin pers Umid_per> a0d Umax per are

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023

TABLE II
JUDGMENT CONDITIONS OF THE NONSYNTHETIC SUBSECTORS

Sector Judgment condition
I, IH, \Y uminﬁper<'1H umidiper>0HumaxJer>1
H, IV, VI uminﬁper<'1H umidiper<0HumaxJer>1
p
A Voltage loss area
PPN Voltage
compensation area
0,
PPO, 7
Optimized P iv<0
voltage
trajectory ¥
OON e 2 ON Compensated
e voltage
- < trajectory
- Reference
e
P vgltage
) trajectory
i > > -
> > L
000 ONN POO PNN o

Fig. 9. Optimization of the DPWM voltage vector trajectory.

minimum, middle, and maximum of DPWM modulation waves
ux_DPWM, respectively.

To facilitate the analysis, the intervals [0, 7/3] are taken as
an example to illustrate the optimization of the DPWM voltage
vector trajectory, as shown in Fig. 9. When the reference voltage
is in sector I, the maximum region is surrounded by the voltage
vectors OO0, PNN, PON, and OON. When the reference voltage
is in the nonsynthetic subsector 7, the voltage-second balance
principle cannot be satisfied. To reduce the voltage vector error,
OON and PON can be used to synthesize the reference voltages
in the nonsynthetic subsector 7.

The dwell times of OON and PON are defined AT and (1-h)T5,
respectively. The current vector error in a switching cycle is

Ala — UOONf:ura h]"S + uPONf:ura (1 _ h) TS (19)
Ay = ZOONLE T, o SRONA=RE (1 — h) T,

where uoon_q and uoon_g are the a3-axis voltage of OON,
and upon_o and upon_g are the a/3-axis voltage of PON,
respectively.

According to (19), the module of the current vector is

|Ad| = \/(Qin)® + (Aig)>.

The minimum of the current vector error can be obtained by
calculating the derivative of |Ai]. When the derivative is zero, h
can be expressed as

(20)

3 + o — 3U/rma)Lpﬂ
2(1+9)

where Umax per 18 the maximum of u,y per. The modulation
wave of the nonsynthetic subsectors can be obtained as

h = 1)

Umax_per = 1-h
Umid_per = 0 (22)

Umin_per = —1.
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Similarly, when § < 0, & of the nonsynthetic subsectors is
h— 3—0+ 3umierer
o 2(1-9)

The corresponding modulation wave of the nonsynthetic sub-
sectors can be obtained as

(23)

Umax_per — 1
Umid_per = 0
Umin_per = -1+ h.

(24)

The optimized voltage vector trajectory as shown in Fig. 9 is
equivalent to the reference voltage vector making a vertical on
the available vector PON and OON connection line, which is
minimum error of the current vector. However, due to the loss
area of voltage, the fundamental amplitude of the fundamental
voltage is reduced.

To improve the fundamental amplitude of the output voltage,
the modulation compensation is introduced. The loss area of the
optimized voltage is shown in the red shaded part of Fig. 9. To
reduce the voltage loss area, the voltage compensation area is
shown in the green shaded part of Fig. 9.

To simplify the calculation, the voltage loss area and the
voltage compensation area are approximated as the triangle and
the parallelogram, respectively. When the two areas are equal,
the result can be obtained

(|tret| — QUPON_/B)2
8V3
where |t¢om| and |u,c¢| are the magnitudes of the compensation

voltage vector and the reference voltage vector, respectively.
Solving (25), the added modulation index can be derived as

(|ucom| - |'u'ref‘) UPON_B = (25)

[m—%(l—é) ’

S(1-0)

As can be seen from Fig. 2, when ¢ > 0, the reference voltage
at sectors I, III, and V needs compensation. Similarly, when
0 < 0, the reference voltage at sectors II, IV, and VI needs
compensation, and the added modulation index can be expressed
as

(26)

Madd =

3(m — 2 (1+4))
8(1+9)
Then, the three-phase reference voltage with the voltage loss
area compensation can be expressed as

Madd = 27

M+ Madd
m

Ux_per = Urx_per (28)

where uy_ e, 18 the sinusoidal references voltage in the limited
operation region.

With the voltage vector trajectory optimization, the modula-
tion waves of DPWM when m = 1.15 and 6 = 0.2 are shown
in Fig. 10. From Fig. 10(a), the conventional DPWM has over-
modulation in the BO clamping interval, and its fundamental
amplitude is 1.14, which is lower than m. In Fig. 10(b), the
optimized DPWM can ensure that there is no overmodulation in
the BO clamping interval, and the output fundamental amplitude
is 1.15 that is equal to m.
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Fig. 11.  Comparison of the conventional and optimized DPWM fundamental

amplitude. (a) Conventional DPWM. (b) Optimized DPWM.

The comparison between the conventional and optimized
DPWM fundamental amplitude of the output voltage is shown
in Fig. 11. As can be seen from Fig. 11(a), the fundamental
amplitude of the conventional DPWM cannot be equal to m due
to the existence of the nonsynthetic subsectors. With the increase
of ¢, the fundamental amplitude of the conventional DPWM
output voltage decreases, which limits the operation range of
Vienna rectifier. In Fig. 11(b), the fundamental amplitude of
the optimized DPWM is basically the same as m, regardless of
the change of 4. Therefore, by optimizing the voltage vector
trajectory of DPWM, the fundamental amplitude of the output
voltage can be increased, which can extend the operation range
of the Vienna rectifier.

Fig. 12 shows the modulation waves of the reference voltage
under different m and 6. From Fig. 12, the modulation waves
exist the limited operation interval when m > my,,x, Which is
proportional to m and 4. In the limited operation interval, the
reference voltage vector is synthesized by the voltage vectors
PON and OON, and b-phase and c-phase voltage are clamped to
0 and -1, respectively. As a result, the ranges of the three-phase
reference voltages are [0, 1], which avoids the overmodulation
and ensures the normal operation of the Vienna rectifier.

C. Self-Adjusted Redundancy Clamping Modes

The voltage vector trajectory optimization of DPWM can
extend the operation range of the Vienna rectifier, but the NP
voltage fluctuation is not suppressed. To minimize the NP volt-
age fluctuation, the redundant clamping modes are obtained
under unbalanced dc links. Two different clamping modes have
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opposite effects on the NP voltage with the same voltage vector,
which are called the redundant clamping modes.

To obtain the redundant clamping modes under the unbal-
anced dc links, the NP current in [0, /3] is first obtained

ip == 2 Treentis lixd
x=a,b,c

29

—Ucom (fﬁ + % — 17;06) .
From (29), the NP current mainly depends on the injected zero
sequence component Uy, With the same ¢ and is inversely pro-
portional to uop,. Since the redundant clamping modes mainly
depends on the NP current, the clamping modes corresponding
to the maximum and minimum NP currents are analyzed.
When the reference voltage is located at subsector 1 as shown
in Fig. 3(a), to ensure normal operation of the Vienna rectifier,
the following inequalities need to be satisfied:

0< Ura_per + Ucom <1496
0—1 < Urb_per + Ucom < 0
5 -1 S Urc_per + Ucom S 0

(30)

According to (4) and (30), the range of u.., can be written
as

0—1— Urc_per < Ueom <146 — Ura_per- 3

The maximum of u.., is equivalent to clamping the a-phase
voltage to the P state, where the NP current is the minimum. The
minimum of u..y, is equivalent to the c-phase voltage clamping
to the N state, where the NP current is the maximum. The
clamping modes corresponding to the maximum and minimum
NP currents in [0, 7/3] are shown in Fig. 13. The red clamping
modes represent the minimum NP current, which are the same
as the clamping modes corresponding to k. = 1. The black
clamping modes represent the maximum NP current, which
are the same as the clamping modes corresponding to k. =
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0. Therefore, when the voltage vector is synthesized, the NP
current is the minimum with k. = 1 and the maximum with k.
=0.

The NP current of DPWM under different m and § conditions
is shown in Fig. 14. In Fig. 14(a), when the reference voltage
is in the normal operation region, the NP current of k. = 0 is
greater than 0, thereby increasing the NP voltage. In Fig. 14(b),
the NP current of k. = 1 is greater than 0 in some regions, which
are inversely proportional to 6. When § = 0.133, the intervals
where the NP current is greater than O reach the maximum and
are 5% of the whole regions. Therefore, the NP current of k. =
1 is basically less than zero in [0, 7/3], and the NP voltage can
be reduced. From Fig. 14(c), when the reference voltage is in
the normal operation region, the NP current of k. = 0 is greater
than O and is unrelated to m. The NP voltage can be increased
with k. = 0. In Fig. 14(d), the NP current of k. = 1 is greater
than zero in some regions, which are 3% of the whole regions.
Therefore, the NP current of k. = 1 is approximately less than
0, thereby reducing the NP voltage.

In the normal operation region, the clamping modes corre-
sponding to k. = 1 and k, = 0 have opposite effects on the
NP voltage, which are redundant clamping modes. To realize
the suppression of the NP voltage fluctuation, the self-adjusted
redundant clamping modes as shown in Fig. 8 are proposed.
Oret 18 the reference unbalance degree and 7 is the allowable NP
voltage fluctuation. From Fig. 8, k. is mainly depended on the
output of the hysteresis control. When ¢ > 0+, the hysteresis
control reaches the upper limit, and § should be increased at this
time. When k. = 1, the NP current is basically less than O, which
can increase upo and reduce upn. As a result, ¢ is increased.
Similarly, when 6, < d+7, the hysteresis control reaches the
lower limit, and k. is equal to zero. When k. = 0, the NP current
is greater than zero, and ¢ is decreased.

When the unbalance degree is in [-7, 7], the voltage difference
between the top and bottom dc-link capacitors meets

—1upc < Au < Tupc. (32)

It can be seen that Au can be reduced by changing 7. There-
fore, when the reference voltage is in the normal operation
region, the NP voltage fluctuation can be suppressed by the
self-adjusting redundant clamping modes. However, when the
reference voltage is in the limited operation region, it is neces-
sary to further analyze the NP voltage fluctuation of the proposed
strategy.

When m = 1.15 and § = 0.2, NP currents corresponding to
ke = 0 and k. = 1 are shown in Fig. 15. It is mainly divided
into three regions: the bidirectional control region (BCR), the
unidirectional control region (UCR), and the uncontrollable
region (UR). When the NP currents of k. = 0 and k. = 1 are
respectively larger and less than zero, the bidirectional control
of the NP voltage can be realized, which is called BCR. In BCR,
the proposed strategy can suppress NP voltage fluctuation by the
self-adjusting redundant clamping modes. When the NP currents
of k. = 0 and k. = 1 are both larger or less than zero, the
unidirectional control of the NP voltage can be realized, which
is called UCR. In UCR, the changing rate of the NP voltage is
adjustable with the redundant clamping modes, and there is NP
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voltage fluctuation. When the NP currents of k. = 0 and k. = 1
are equal, the NP voltage cannot be controlled, which is called
UR. In UR, the NP voltage is uncontrollable, and there is NP
voltage fluctuation. Therefore, the NP voltage fluctuation of the
proposed strategy mainly occurs in UCR and UR.

In order to evaluate the NP voltage fluctuation, the root mean
square (RMS) of NP current fluctuation is used, which is defined
as

fﬂ//&ww inpo?d6+ \/52 W/6+62 inp1*df)

ano d9:|

an RMS =

fﬂ" /6
m/6—¢

(33)
where £, and 3 are the regions of UCR corresponding to the
NP currents smaller and larger than zero, respectively. ¢ is the
region of UR. i,,0 and i, are the NP currents corresponding
to k. = 0 and k. = 1, respectively.

According to (33), the RMS of NP current under different &
and m can be obtained, as shown in Fig. 16. In Fig. 16(a), when
the reference voltage is in the normal operation region, the con-
ventional CB-DPWM strategy cannot suppress the NP current
fluctuation. With the increase of m, the NP voltage fluctuation
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TABLE III
PARAMETERS OF VIENNA RECTIFIER

Parameter Value

Rated phase voltage 45V

Input inductance 3 mH

Rated input current 4 A

Top and bottom de-link capacitances 440 pF

Rated top and bottom dc-link resistances 15Q
Switching frequency 50 kHz

Grid frequency 50 Hz

decreases. At this time, the proposed strategy is in BCR, which
can suppress the NP current fluctuation. With the increase of
m, the proposed strategy is in the limited operation region. Due
to the existence of UR and UCR, there is NP fluctuation of the
proposed strategy, which is proportional to m. As can be seen
from Fig. 16(b), when the reference voltage is in the normal
operation region, the conventional CB-DPWM strategy has the
NP current fluctuation, while the proposed strategy can minimize
the NP current fluctuation. When the reference voltage is in
the limited operation region, due to the existence of UR, there
is the NP fluctuation of the proposed strategy, which is propor-
tional to 4.

Therefore, the proposed strategy can minimize the NP voltage
fluctuation when the reference voltage is in the normal operation
region. When the reference voltage is in the limited operation
region, due to the existence of UR and UCR, there is NP
fluctuation of the proposed strategy, which is proportional to
m and J.

IV. EXPERIMENTAL RESULTS

The proposed strategy was verified on a Vienna rectifier
experimental platform, as shown in Fig. 17. The top and bottom
dc-link capacitors are connected in parallel with 440-uF elec-
trolytic capacitors. The three-phase grid voltages are generated
by the Chrome61512. The control algorithm is executed by the
TMS320F28379D. To simulate different load conditions, the PO
and ON of the dc link are connected to two sliding rheostats R;
and R,, respectively. The parameters of the Vienna rectifier are
listed in Table III.
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Fig. 18.  Steady-state operation results of the proposed strategy under different
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Fig. 18 shows the steady-state operation results of the pro-
posed strategy under different 6 when the reference voltage is
in the normal operation region. In Fig. 18(a), when § = 0, up,
and u,,, of the proposed strategy can be stabilized around 63
V, and the NP voltage fluctuation is basically zero. When § is
adjusted by changing the resistance, the experimental results are
as shown in Fig. 18(b)—(d). The maximum peak-to-peak value
of the NP voltage Auy,, under different d is 4 V, which is 3.1% of
the dc-link voltage, and the maximum total harmonic distortion
(THD) of the input current is 2.2%. Therefore, the proposed
strategy can reduce the NP voltage fluctuation and the input
current harmonics under unbalanced dc links.

Fig. 19 shows the experimental comparison between the con-
ventional strategy and the proposed strategy. From Fig. 19(a),
when 6. = 0.03 and m = 1, due to the influence of the NP cur-
rent fluctuation, the NP voltage of the conventional strategy has
a large three times grid frequency fluctuation. The peak-to-peak
value of the NP voltage is 28 V, which is 22% of the dc-link
voltage. When switching to the proposed strategy, it can be seen
that the peak-to-peak value of the NP voltage is reduced to 3.5
V, which is 2.7% of the dc-link voltage. Therefore, the proposed
strategy can minimize the NP voltage fluctuation. When m =
1, the maximum ¢ of the normal operation is 0.13, and the the
corresponding Au is 16.5 V. In Fig. 19(a), the maximum Au
of the conventional strategy and the proposed strategy is 16 V
and 4 V, respectively, and the reference voltage is in the normal
operation region. Therefore, the THD of the input current of the
conventional strategy and the proposed strategy are basically
the same, which are 2.5% and 1.7%, respectively. In Fig. 19(b),
when 6, = 0.1 and m = 1, Auy,, of the conventional strategy
is the same as that of Fig. 19(a) due to the same m, which is
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22% of the dc-link voltage. When switching to the strategy
proposed, Auy,, is reduced to 4 V, which is 3.1% of the dc-link
voltage. Due to the increase of §, the maximum Au of the
conventional strategy is 24 V that exceeds the allowable Au
= 16.5 V of the normal operation region, which leads to the
fluctuation of upc and the input current harmonics increase.
Fig. 19(c) and (d) shows the FFT results of input current FFT
between the two strategies when d.of = 0.1 and m = 1. In
Fig. 19(c), the input current of the conventional strategy contains
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the larger second and fourth order harmonics due to the existence
of the nonsynthetic subsectors. However, as can be seen from
Fig. 19(d), the low-order harmonics of the input current of
the proposed strategy are significantly reduced. Therefore, the
proposed strategy can reduce the NP voltage fluctuation and the
input current harmonics, simultaneously.

Fig. 20 shows the experimental results of different m with §
= 0.1. When § = 0.1, the maximum m of the normal operation
region is 1.04. As can be seen from Fig. 20(a), when m = 1,
there is slight NP voltage fluctuation, and the input current THD
is 2%. When m = 1.09 that exceeds 1.04, the dc-link voltage
can operate stably around 116 V. However, due to the existence
of UR, there is the NP voltage fluctuation at this time, and
Auypy, is 5 'V, which is 4.3% of the dc-link voltage. The input
current THD is increased to 3.2%. In Fig. 20(b), when the m
increases from 1.09 to 1.15, the dc-link voltage is reduced to
112 V, and the Vienna rectifier can operate stably. Due to the
influence of UR and UCR, the NP voltage fluctuation further
increases, and Auy,y, is 8 V, which is 7.2% of the dc-link voltage.
The input current THD is 4%. Therefore, when the reference
voltage is in the limited operation region, the proposed strategy
can still achieve stable control of the dc-link voltage, which
can improve the fundamental amplitude of the output voltage
under unbalanced dc links and extend the operation range of the
Vienna rectifier. However, there is the NP voltage fluctuation in
the limited operation region, which is proportional to m.

Fig. 21 shows experimental results of different 6 with m = 1.
When m = 1, the maximum ¢ of the normal operation region is
0.13. In Fig. 21(a), when § = 0.2 that exceeds 0.13, the dc-link
voltage can operate stably around 127 V. However, due to the
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existence of UR, there is NP voltage fluctuation, and Auy,, is
5.5V, which is 4.4% of the dc-link voltage. The input current
THD is 3%. From Fig. 21(b), when § = 0.3, the NP voltage
fluctuation further increases due to the increase of the UR, and
Ay, 187V, whichis 5.5% of the dc-link voltage. At this time, the
dc-link voltage can also operate stably around 127 V. Therefore,
it further verifies that when the reference voltage is in the limited
operation region, the proposed strategy can operate stably and
improve the fundamental amplitude of output voltage. However,
there is NP voltage fluctuation, which is proportional to §.

Fig. 22 shows experimental results when the input phase
voltage is two times rated phase voltage. In Fig. 22, the maximum
peak-to-peak value of the NP voltage Au,,;, under different 6 is
8 V, which is 3.1% of the dc-link voltage, and the maximum
input current THD is 2%. As a result, the proposed strategy can
operate stably with two times rated voltages, which has the same
performance as the rated phase voltage.

Fig. 23 shows the dynamic operations of the Vienna rectifier
when § = 0.2. As shown in Fig. 23, the dc-link voltage can
operate stably around 261 V when the input phase voltages are
step-up from two times to 2.3 times rated phase voltage. The
maximum Auy,, of the dc links is 3.1% of the dc-link voltage,
and the maximum THD of the input current is 3.2%. As a result,
the proposed strategy can reduce the NP voltage fluctuation and
the input current harmonics during dynamic operations of the
Vienna rectifier.
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Fig. 24 shows the experimental results of the percentage of
Aupy, in de-link voltage with different 6 and m. When the refer-
ence voltage is in the normal operation region, the NP voltage
fluctuation of the conventional strategy is inversely proportional
to m, and the maximum is 22% of the dc-link voltage. While the
maximum of the NP voltage fluctuation of the proposed strategy
is 3.1% of the dc-link voltage. Therefore, the proposed strategy
can minimize the NP voltage fluctuation under unbalanced dc
links. When the reference voltage is in the limited operation
region, the conventional strategy cannot work normally due to
the limitation of the maximum m, while the proposed strategy
can operate normally. There is NP voltage fluctuation of the
proposed strategy, which is proportional to m and ¢, and the
maximum Aup,, is 10.8% of the dc-link voltage.

Fig. 25 shows the experimental results of the input current
THD comparison with different m and 6. When the reference
voltage is in the normal operation region, the input current THD
of the conventional strategy is large due to the influence of the
NP voltage fluctuation, and it is inversely proportional to m and
proportional to 4, whose maximum is 5.8%. While the input
current THD of the proposed strategy is basically the same,
whose maximum is 2.45%. When the reference voltage is in the
limited operation region, the input current THD of the proposed
strategy is proportional to ¢ and m, whose maximum is 5.5%.
Therefore, the proposed strategy can simultaneously reduce the
NP voltage fluctuation and the input current harmonics.
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Fig. 26 shows the efficiency comparison of the proposed and
the conventional strategies. When § = 0, the efficiency of the pro-
posed strategy is lower than that of the conventional strategy due
to the additional switching losses caused by the self-adjusting
redundant clamping mode. The efficiency of the conventional
strategy is inversely proportional to ¢, which is caused by the
NP voltage fluctuation and the input current harmonics. While
the efficiency of the proposed strategy is not affected by 6. As a
result, the efficiency of the proposed strategy is higher than that
of the conventional strategy when 6 = 0.1.

V. CONCLUSION

An optimized CB-DPWM strategy adopting self-adjusted
redundant clamping modes has been proposed in this article for
Vienna rectifiers with unbalanced dc links. The operation range
of the Vienna rectifier in the linear region is limited under the
unbalanced dc links. The fundamental amplitude of the output
voltage of the Vienna rectifier can be improved by optimizing
the DPWM voltage vector trajectory. In order to reduce the
NP voltage fluctuation, the redundant clamping modes are self-
adjusted in real time according to the unbalanced degree. The
experimental results show that when the reference voltage is in
the normal operation region, the proposed strategy can reduce
the NP voltage fluctuation and the harmonics of the input current.
When the reference voltage is in the limited operation region,
the proposed strategy can realize the stable control of the dc-link
voltage, which extends the operation range of the rectifier.
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