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A Modified Carrier-Based DPWM With Reduced
Switching Loss and Current Distortion for
Vienna Rectifier

Yushuo Pei”, Yu Tang

and Leijiao Ge

Abstract—Carrier-based discontinuous pulsewidth modulation
(PWM) is widely used in three-level ac/dc converters due to its
features of higher efficiency and simpler implementation. How-
ever, the problems of switching losses, current distortion around
zero-crossing points, and neutral-point (NP) voltage fluctuation
are mutually coupled for the Vienna rectifier. Therefore, this ar-
ticle proposes a modified carrier-based discontinuous pulsewidth
modulation (MCB-DPWM) scheme for the Vienna rectifier with
improved zero-sequence voltage injection. The clamping range and
clamping mode that suppress zero-crossing distortion are adjusted.
Compared to continuous PWM and conventional discontinuous
PWM, the proposed MCB-DPWM could effectively eliminate zero-
crossing distortion and reduce the NP voltage fluctuation and
switching loss, which means higher input current quality and
efficiency. Moreover, it features a simpler implementation and less
computational burden than space-vector-based PWM. Therefore,
it is more suitable for high-frequency applications. Finally, the
simulation and experimental results demonstrate that the proposed
MCB-DPWM could reduce switching loss and current distortion
with lower NP voltage fluctuation under different modulation
indices.

Index  Terms—Carrier-based  discontinuous pulsewidth
modulation (CB-DPWM), neutral-point (NP) voltage fluctuation,
switching loss reduction, Vienna rectifier, zero-crossing distortion.

1. INTRODUCTION

HE Vienna rectifier, as shown in Fig. 1, which is similar
to the T-type converter, features similar benefits of current
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Fig. 1. Topology of the Vienna rectifier.

waveform quality and higher efficiency. Due to its high power
density, high reliability, and low-blocking voltage stress, the
three-phase Vienna rectifier has been widely adopted in a va-
riety of applications, such as electric vehicle charging systems,
telecommunication power systems, wind energy applications,
and aircraft systems [1], [2], [3], [4], [S].

The high switching frequency can reduce the volume of pas-
sive devices and improve the power density of the converter, but
it will increase the switching loss and affect the efficiency of the
converter [6]. Compared to the traditional continuous pulsewidth
modulation (CPWM), the discontinuous pulsewidth modulation
(DPWM) makes the switches of each phase not operate within
one-third of the fundamental cycle, reducing the switching loss.
In addition, the high switching frequency leads to a shortened
control period, which further increases the computational burden
of the controller [7].

Fortunately, compared with the space-vector pulsewidth mod-
ulation (SV-PWM), carrier-based pulsewidth modulation (CB-
PWM) can also achieve corresponding characteristics by in-
jecting various zero-sequence components into the three-phase
sinusoidal modulation signals without introducing the complex-
ities of sector judgment, vector selection, and synthesis [8], [9].
Therefore, CB-PWM features a simpler implementation and less
computational burden [10].

To achieve a higher efficiency, the DPWM can be adopted,
which helps reduce the converter switching losses. In [11], a
DPWM method using two different offsets was proposed for
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less switching losses in three-level neutral-point (NP) clamped
inverters. Therefore, efficiency higher than the conventional
CPWM approach was obtained due to the decreased number
of switching operations. In [12], a simple DPWM for a three-
level inverter was proposed, which can maintain low switching
losses and perform effective voltage balancing without intricate
calculations. In [13], an analytical DPWM-based simplified
subsector identification was presented, which has high efficiency
and comparatively low-current harmonics. However, the above
strategies are not appropriate for the Vienna rectifier, whose
force-commutated characteristic will lead to current distortion
in zero-crossing areas [14]. A DPWM method for three-phase
Vienna rectifiers was presented in [15] to maximize the switch-
ing loss reduction by keeping the phase with the highest phase
current unswitched. However, the ability of this DPWM method
to balance the NP voltage and reduce current distortion should
be enhanced.

Due to its semicontrolled characteristic, the reference volt-
age and the input current near the zero-crossing point have
opposite signs, resulting in additional current distortion [16],
[17]. Clamping the leg generating pulses with a sign opposite
to the NP is an effective approach to reducing zero-crossing
current distortion [18], [19], [20], [21], [22], [23]. In [18],
the implementation of a DPWM strategy explained by means
of space-vector representation and modulation functions was
presented. The zero-crossing distortion can be reduced by using
this method, and a detailed comparison of the current waveform
quality to CPWM was made. In order to decrease the com-
putational burden, an equivalent carrier-based implementation
of this method without sector judgment and the calculation
of dwell time was proposed in [19]. However, the large zero-
crossing clamp intervals in the low- and medium-modulation
indices cause a dominant third harmonic in NP current, hence
resulting in a poorer harmonic performance of the input current.
In [20], a carrier-based discontinuous space-vector modulation
(CB-DSVM) with varying clamped area was proposed, which
can reduce the clamped area around zero crossing and get lower
input current total harmonic distortion (THD). However, the
setting of clamped areas under different modulation indices is
not discussed in detail. In [21], a variable dpr x was introduced
to detect the phase-X input current and voltage directions. As
a result, when dpr x = 0, the phase-X voltage was clamped to
X-O to eliminate zero-crossing distortion. A hybrid modulation
method, which consists of adding a special zero sequence to
the reference signal during certain intervals, was presented in
[22]. By using this method, the current distortion of the Vienna
rectifier can be reduced without restricting the modulation index.
Similarly, a zero-sequence component injection approach that
can effectively lower input current distortion was suggested in
[23]. However, the identification of abnormal intervals suffers
from calculation complexity.

The quality of the input current is also influenced by the NP
fluctuation. A larger third fluctuation of NP voltage introduces
low-frequency current harmonics, resulting in higher input cur-
rent THD. Compared with adding more electrolytic capacitors,
software-based solutions are preferred to suppress the NP fluctu-
ation, which can improve the power density. Both CB-PWM and
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SV-PWM schemes have been used to reduce NP oscillation, and
their basic underlying ideas are similar in which they both adjust
the switching sequence and dwell time of vectors to control the
current flowing into the NP. A novel CB-PWM with segmented
component injection was proposed in [24], which cannot only
suppress the dc-link voltage oscillation but also maintain input
current with minimal harmonic distortion. In [25], a hybrid
NP balancing control scheme combining a dynamic adjustment
factor was proposed. Through this method, the problem of NP
fluctuation can be effectively solved in the Vienna rectifier. Un-
fortunately, the improvement in the efficiency of these methods
has not been investigated. In [16], a hybrid discontinuous mod-
ulation strategy combining two DPWMs was proposed, which
can reduce switching losses and midpoint potential fluctuations.
However, this strategy is implemented based on the space-vector
method, and the switching angles of the two DPWMs need
to be calculated under different modulation indices, resulting
in complicated implementation steps and a large amount of
calculation.

In summary, the problems of current distortion around zero-
crossing points, NP voltage fluctuation, and switching losses
are mutually coupled for the Vienna rectifier. As a result, the
carrier-based discontinuous modulation strategy for the Vienna
rectifier with improved current quality and higher efficiency
needs further research.

This article proposes a modified carrier-based DPWM (MCB-
DPWM) strategy with reduced switching loss and current dis-
tortion. The proposed MCB-DPWM strategy with improved
zero-sequence voltage injection will do the following:

1) reduce the switching losses of the power semiconductors

by using the clamping modes with lower switching losses;

2) eliminate the input current zero-crossing distortion by
clamping the zero-crossing phase in adjustable clamping
regions;

3) suppress the NP low-frequency fluctuation by adjusting
the clamping modes with opposite NP deviation in sub-
sectors 1, 2, 3, and 4;

4) reduce the computational burden and implementation
complexity as the carrier-based modulation is used.

The rest of this article is organized as follows. In Section II,
the space-vector modulation method and carrier-based mod-
ulation of the Vienna rectifier are introduced and compared.
In Section III, an MCB-DPWM strategy is proposed, and the
performance of the proposed MCB-DPWM is analyzed in terms
of switching loss reduction, zero-crossing distortion elimination,
and NP fluctuation suppression. Moreover, the implementation
of the MCB-DPWM is given in detail. In Section IV, simulation
and experimental results are presented to validate the perfor-
mance of the proposed modulation strategy. Finally, Section V
concludes this article.

II. MODULATION METHODS OF VIENNA RECTIFIER

A. Space-Vector Modulation Method

The space-vector diagram of the Vienna rectifier is shown
in Fig. 2. Each large sector I-VI in Fig. 2 can be divided into
six subsectors. The terminal voltages uxo (X = A, B, C) are
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Fig. 2. Space-vector diagram of Vienna rectifier.
TABLE I
SWITCHING STATE AND TERMINAL VOLTAGE
Switching Device Switching ~ Current Direction Terminal
State Status (x=a, b, ¢ Voltage
P OFF >0 U2
>0
(0] ON = 0
,<0
N OFF <0 —Uy/2
Space-Vector modulation method
Upg, u,
5 . ref a
u,,,_;,> Sector || Sector > Subsector ) Dwell time MOfiula;wn u_,ib
w " |identification["'|  rotation identification| | calculation T el
me calculation |"rf ¢

Carrier-Based modulation method

Unq - ure: a
> Zeo Modulation 3
Upy | sequence : Uref b
—>| > signals  |—»
Uy | voltage i Upef ¢
5 calculation calculation | -
Fig. 3. Calculation process of SV-PWM and CB-PWM in digital control.

determined by the state of the bidirectional switching unit and
current i, (x = a, b, c¢). Three switching states P, O, and N cor-
respond to the terminal voltage Uq./2, 0, —Uq./2, respectively.
Table I presents the relationship between the switching state
and terminal voltage. The terminal voltage uxo (X = A, B, C)
is defined as follows:

uxo = sign (iz) - (1 = S;) - Us /2, x=a,bc. (1)

The reference voltage vector can be presented as follows:
V;’ef = 2/3 . (UAO + uBOejQ"T/?’ + ucoej47r/3)
= |‘/1"et| eth- (2)

B. Carrier-Based Modulation Method

The calculation processes of the space-vector-based and
carrier-based modulation methods are shown in Fig. 3. For the
space-vector-based modulation methods, apart from the sector
identification and rotation similar to the conventional SVPWM,
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Phase B clamped
Phase C clamped

Fig.4. Clamping modes of DPWM1 and DPWM2. (a) DPWMI. (b) DPWM2.

the identification conditions of subsectors are more complicated
for advanced modulation methods. Additionally, a significant
number of trigonometric function calculations are involved in
the calculation of vector dwell time, resulting in a significant
stress on the digital signal processor. However, the first four
calculation processes of space-vector-based modulation meth-
ods can be equivalent to a zero-sequence voltage calculation
process, and the zero-sequence voltage calculation of carrier-
based modulation methods only requires simple calculations.
Therefore, compared with the space-vector-based modulation
methods, the computational complexity of the carrier-based
modulation methods is simpler and less burdensome.

Carrier-based modulations can be achieved by injecting dif-
ferent zero-sequence voltages into the three-phase sinusoidal
modulation wave. The normalized three-phase sinusoidal mod-
ulation signals are i, Ump, and u,,, as shown in (3), where w
is the angular frequency of utility grid voltage. The modulation
index m can be calculated by (4)

Upa = %m cos(wt)
Ump = \%m cos(wt — 2m/3) 3)
= %m cos(wt — 47 /3)

m=t_m )

where U, represents the amplitude of utility grid voltage, and
Ug. represents the dc-link voltage.

Two commonly used DPWM methods for three-level Vienna
rectifiers are DPWM1 and DPWM2 [15], [18], and Fig. 4 shows
the clamping modes of these two methods. The carrier-based
implementation method for the conventional DPWMI1, where
the zero-sequence voltage is given, can be calculated by [19]

—Umid, |umax‘ > |umin| y Uzl > —Umid

v — 1 — Umax, |Umax‘ > |umin| y Uzl < —Umid 5)
i —Umid, |umax‘ < |umin| y Uzl < —Umid
-1 Umin, |umax‘ < |umin| y Uzl > —Umid
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where upax, Umid, and Uy, represent the maximum, medium,
and minimum values of u,,,, respectively, and u,; can be rep-
resented as follows:

Uy = 1 — Umax,
B -1 — Umin,

|umax| > |umin|
|umax| < |umin| .

(6)

The modulation wave of the conventional DPWM1 can be ob-
tained by injecting (5) into (3), as shown in (7). uyef . (x = a,b,c)
is the modulation wave of CB-DPWM 1

Uref ¢ = Uma + Uz, T = @, b,c. @)

This conventional CB-DPWMI1 can keep the switches
unswitched for some intervals to reduce switching losses. How-
ever, since CB-DPWMI1 clamps the phase with the absolute
value of the minimum current in subsectors 1, 2, 3, and 4, the
reduction of switching losses is limited.

To further reduce switching losses, the best way is to clamp
the phase with the absolute value of the maximum current.
Consider sector 1 as an illustration, the relationship between
the three-phase ac current in subsectors 1, 3, and 5 is |i,|> |ic|>
|ip|; therefore, phase-A should be clamped to reduce switching
losses. Similarly, Phase-C should be clamped in subsectors 2,
4, and 6. However, in subsector 3, the three-phase currents i,>
0, iy< 0, and i.< 0. The vector states are determined by the
direction of the current, preventing the small vector PPO from
being used and the phase-A from being clamped. Similarly, the
small vector ONN cannot be used, and the phase-C cannot be
clamped in subsector 4. Therefore, in subsectors 3 and 4, the
best way to reduce switching losses for the Vienna rectifier is to
clamp the phase with the absolute value of the medium current
(phase-C in subsector 3 and phase-A in subsector 4).

The zero-sequence voltage of the CB-DPWM?2 strategy can
be calculated by

1- u;laxa Umid > O; 1 + Umin = u:ﬁd
* .
. — J ~Umins Umig > 0, else ®)
z — * ok
“Umins Umid < 01 Umax = Upig
*
1— U}, Umia < 0,else
* * * . .
where u; ., Ui, and u; . represent the maximum, medium,
and minimum values of w, ., respectively, and u}, . can be
represented as follows:
U Uz > 0
wh =< " me r=a,bc . )
Umg + 1, Umg <0

However, due to the operation of the Vienna rectifier and the
limitation of current sampling accuracy, the reference voltage
of DPWM2 may be opposite to the input current near the zero-
crossing point, resulting in zero-crossing current distortion [15],
[22].

III. MODIFIED CARRIER-BASED DPWM

A. Modified Carrier-Based DPWM

To eliminate the zero-crossing current distortion, suppress the
NP fluctuation, and reduce the switching loss simultaneously,
this article proposes an MCB-DPWM. The proposed MCB-
DPWM divides the clamping areas into zero-crossing clamping
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Fig. 5. Block diagram of the proposed MCB-DPWM scheme.

areas and minimum switching loss areas. Various functions
are achieved by injecting specific zero-sequence voltages in
different areas.

The block diagram of the proposed MCB-DPWM scheme is
depicted in Fig. 5. U,er and Uy represent the reference output
voltage and the feedback output voltage, respectively. 7}; and
i, represent the d-axis and g-axis components of the reference
input current, respectively. ig and i, represent the d-axis and
g-axis components of the feedback input currents, respectively.
uqand u, represent the output voltages of dual-loop control in dg
coordinate system. u,, (x = a, b, ¢) represents the sine modulation
signals in abc-coordinate. Uq.1 and Ugco represent the voltages
of the upper and lower capacitors, respectively. uyof (X =a, b, ¢)
represents the modulation signals generated by MCB-DPWM.
S, represents the driving signals of the switching devices.

To reduce the zero-crossing current distortion, the phase
reference voltages need to be clamped to 0 near the current
zero-crossing point. In the zero-crossing clamping region, the
injected zero-sequence voltage is defined as the zero-crossing
clamping voltage u,., which can be calculated by
(10)

Uoe = —mid {umm Umb, umc} .

To reduce switching losses, the phase with the maximum or
medium absolute value of the current needs to be clamped. The
zero-sequence voltage injected in the minimum switching loss
areas can be calculated by (8).

As mentioned above, DPWMI1 can eliminate the zero-
crossing current distortion. However, a large zero-crossing
clamping area of DPWMI1 will lead to a significant NP fluc-
tuation and poor current THD. Moreover, a large zero-crossing
clamping area limits the reduction of switching losses. There-
fore, itis crucial to control the size of the zero-crossing clamping
area. In order to solve this problem, the zero-crossing clamping
area needs to be kept within a range that can eliminate the
zero-crossing current distortion without significantly raising
switching losses or NP fluctuation. MCB-DPWM can use ap-
propriate variable area clamping values to adjust the size of the
zero-crossing clamping area.

The region of the zero-crossing clamping can be adjusted
by adding uy, to the zero-sequence voltage injection condition,
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which can be expressed as follows:

Y

1 — Umax + Umia — U, = 0

where up.x and unyiq represent the maximum and medium
values of u,,,,. us, can be calculated by
uh, = kvac (1 —m) (12)
where kyac is the variable area clamping coefficient
Using sector 1 as an illustration, wt = 7/6 — ¢, Umax, and
Umiq can be expressed as follows:
_ 2mcos(mw/6—p)

Umax = Uma =

V3
_ 2mecos(—2n/3+7m/6—p) (13)

Umid = Ume = 3 .

After substituting (12) and (13) into (11), the variable area
clamping coefficient kyvac can be obtained by

m cos (¢) + v3msin (¢) — 1.

p— (14)

kyac =

The variable area clamping coefficient kyac should satisfy

the condition kyvac.min < kvac < 1. When kvac < kvAaC.min,

the MCB-DPWM operates in the same clamping mode as the
CB-DPWMLI. kyac.min can be calculated by

V3m-—1 1
=, O1<m<\/§ (15)

kvac.min =
0, %<m<L

The relationship among m, kyac, and ¢ is seen in Fig. 6.
Through altering the variable area clamping coefficient kyac
under various modulation index m, the zero-crossing clamping
angle could be changed.

The principle of utilizing u,;, to adjust the clamping area is
also demonstrated in Fig. 7. The adjustable range of the MCB-
DPWM zero-crossing clamp area is depicted in blue in Fig. 7,
and the width of the clamp area may be adjusted by modifying
the value of uy,. The zero-crossing clamping area, which is
purple shaded, is at its largest for uy, = 0 (kvac = kvAc.min)s
while there is no zero-crossing clamping area for uy, = 1—m

(kvac = 1).
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Fig. 7. Adjustable clamping range of MCB-DPWM.

TABLE II
MODULATION SIGNAL OF MCB-DPWM IN SECTOR |

. .
Subsector Uref a Upoe Uy Umid
la Upg — Uiy Uy, u,, <0
o -
1b Uma — Umid Ump Upa <0
2a Upg = Upae + 1 Uy u,, >0
2b Upg — Ui Uy Uy, >0
3a Upng — Uiy Uy Uy <0
3b Upg — Unid Uy Uy <0
4a Upg = Upe + 1 Uy u,, >0
4b Upg — Unid u u,, >0
5 Upg = Upgs T 1 Uy Ui <0
6 Upma = Unin Ung U >0

When un,iq < 0, the zero-sequence voltage of the MCB-
DPWM is determined by

—Umid, U1 > —Umid + Uth
_ * %
Usn = 4 L = Uppaxs Uzl < —Umid + Uth, Umax = Upyax
.
~Upin» Uy < —Umid + Uth, else.

(16)
When u,;q > 0, the zero-sequence voltage of the MCB-
DPWM is determined by

—Umid, U1 < —Umid — Uth
_ * . Lk
Uzm = “Umin> Uzl > —Umid — Uth, 14 Umin = Upin
*
1- Umaxs Uzl > —Umid — Uth, else.

A7)
where Umax, Umid, and Ui, represent the maximum, medium,
and minimum values of u,,,, respectively. wh .., uk.q, and wh .
represent the maximum, medium, and minimum values of «), .,
respectively, and ., .. can be calculated by (9).

Then, the three-phase sinusoidal modulation signals are in-
jected with the zero-sequence voltage derived from (16) and

(17) to produce the MCB-DPWM modulated signals
(13)

Uref x = Umaz T Uz.m, T = Q, b,c.

Fig. 8 shows the zero-sequence voltage and modulation wave-
forms of MCB-DPWM with m = 0.4, kyac = 0.8, and m = 0.7,
kvac = 0.5. The intermediate variable equivalence conditions
and modulated signals generation of clamping intervals 1a, 1b,
2a,2b,3a,3b,4a,4b, 5, and 6 in sector I are shown in Table II and
Fig. 8. Asshown in Fig. 8, the MCB-DPWM clamps consistently
close to the peak and zero-crossing points, which helps minimize
switching losses and get rid of zero-crossing current distortion.
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Fig. 8. Modulation waveforms of the MCB-DPWM under (a) m = 0.4 and kyac = 0.8 and (b) m = 0.7 and kyac = 0.5.

The NP voltage fluctuation suppression performance of the
MCB-DPWM is described in Section III-D.

B. Zero-Crossing Distortion

The phase difference between the reference voltage and input
current can be expressed as follows:

19)

where 6 7 and 6 ¢ stand for the phase angle difference brought on
by the impedance of the filter inductor and the nonunity power
factor, respectively.

Due to the existence of the phase angle difference, the di-
rection of the reference voltage and the input current may be
opposite. Considering sector I, as an illustration, it is essential
to clamp phase-B to O close to the current zero-crossing point of
phase-B. Additionally, the clamping mode B-O needs to satisfy

0A:92+9pf

0a] < %, 0<m<g o
|04] < arcsin (ﬁ) -5 %g <m<1.

Moreover, an excessively wide zero-crossing clamping angle
will lead to poor input current quality as a result of the influence
of the switching device snubber circuit and parasitic character-
istics [20]. The existing zero-crossing current distortion can be
avoided by increasing the MCB-DPWM zero-crossing clamping
angle above the minimum zero-crossing clamping angle 6 4 min,
which can be calculated by

HAAmin = epf min + QZ- (21)

Thus, MCB-DPWM can keep the zero-crossing clamping
angle within a small range, which can not only eliminate the
zero-crossing current distortion but also reduce the NP potential
fluctuation, hence improving the quality of the input current.

C. Switching Loss Comparison

For the accurate evaluation of switching losses for differ-
ent modulation methods, the switching model and calculation

1.2
-— SVPWM
1.1¢ CB-DPWMI
— CB-DPWM2
1.0 A A A A A{— MCB-DPWM H
10 135 A Thermal Model
09F v
P08}
v 0.46 0.42
0.7} i
o . M
A A5 2 A ~
0.5 o—A A« =
047702 0.4 0.6 0.8 1.0

m

Fig.9. Switchinglosses comparison of SVPWM, CB-DPWM 1, CB-DPWM?2,
and MCB-DPWM.

method of switching loss in this article are the same as [21].
It has been proved that the calculated switching loss could be
used to verify the efficiency of the Vienna rectifier by comparing
the calculated switching energy with the switching energy data
provided by the MOSFET manufacturer.

To further verify the effectiveness of the calculated switching
losses, a thermal model was built in PLECS using the thermal
datasheets provided by the semiconductor manufacturer.

The switching loss of SVPWM is used as the benchmark,
defined as Pjoss,5w,svPwWM, then the nominal switching losses
of other modulation schemes can be expressed as follows:

Psyw = Psw/Pioss,sw,sVPWM- (22)

The nominal results of the calculated and thermally simulated
switching losses are shown in Fig. 9. As seen in Fig. 9, the
evaluated switching losses agree well with the relative values of
the calculation results. From Fig. 9, it can be seen that compared
with the conventional SVPWM, the proposed MCB-DPWM
scheme can effectively reduce the switching loss with different
modulation indices at rated power. Due to the existence of the
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adjustable zero-crossing clamping area, the switching loss of
MCB-DPWM is slightly higher than that of CB-DPWM?2. When
CB-DPWMI is adopted under m < 0.5, the phase with the
minimum absolute value of current can be clamped, and the
switching loss can only be decreased by 13.5%. After using the
proposed MCB-DPWM, the switching loss can be reduced by
46% under m < 0.5 and 42% under m = 0.7. Except for the
high-modulation indices, the switching loss of MCB-DPWM is
also still lower than CB-DPWM1.

D. NP Voltage Fluctuation

Larger NP voltage low-frequency fluctuation for three-level
converters may result in higher input current distortion and
voltage stress on the devices [16]. Therefore, it is essential to
maintain the NP voltage fluctuation at a lower level.

The NP voltage is determined by the current flowing into
the midpoint of output capacitors, which can be expressed as
follows:

Z‘np == Z (ZT — Uref 2 |Z'r|) = - Z Uref 2 |Z’I'| (23)

r=a,b,c r=a,b,c

where Uyt (x = a,b,c) is the modulation signal of different
modulation methods. i, (x = a, b, c¢) is the phase current.
The NP fluctuation can be calculated by

nTs

2C

The nominal value of the NP fluctuation is presented as
follows:

f('rL-i-l)TS andt

Alge nT, = Udel — Ude2 = — (24)

Atge nr,
Ipeak/fQZO

where f, is the fundamental frequency, and C is the dc-link
capacitor. Ipea is the peak value of the phase current.

The nominal NP fluctuation waveforms of CB-DPWM1, CB-
DPWM?2, and the proposed MCB-DPWM with various kyac
under m = 0.4 and 0.7 are presented in Fig. 10. The nominal
NP fluctuation waveforms of the MCB-DPWM, with kyac <
kvAac.min (0.511 at m = 0.4, and 0 at m = 0.7), are same to that
of the CB-DPWM 1. Compared with the other DPWMs, the pro-
posed MCB-DPWM with kyac = 0.6 has a lower NP oscillation
atm = 0.4. The NP fluctuation peak value for the MCB-DPWM
is equal to CB-DPWM2 and lower than CB-DPWMI atm = 0.7.
As aresult, employing the MCB-DPWM will reduce the current
low-frequency distortion caused by NP voltage fluctuation under
various indices.

Auge i, = (25)

IV. SIMULATION AND EXPERIMENTS
A. Simulation Results

In order to verify the performance of the MCB-DPWM mod-
ulation method in eliminating the zero-crossing distortion of the
ac current, suppressing NP fluctuation, and reducing switching
losses, a 5-kW Vienna rectifier simulation model was built using
PLECS. The simulation parameters are presented in Table III.
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Fig. 10.  Comparison of NP voltage fluctuation. (a) m = 0.4. (b) m = 0.7.
TABLE III
PARAMETERS OF THE VIENNA RECTIFIER
Parameter Value
DC-link voltage 800V
Rated input voltage 380 Vac
AC frequency 50 Hz
Switching frequency 30 kHz
Filter inductor 1.2 mH
DC-link capacitor 1000 uF
TABLE IV
SIMULATION RESULTS OF DIFFERENT MODULATION SCHEMES
. Current THD (%) NP fluctuation (V)
Modulation m=04/m=0.7 m=04/m=0.
SVPWM 2.26/1.94 +1.29/£1.35
CB-DPWMI1 2.18/3.75 +12.08/+10.72
CB-DPWM2 4.66/3.12 +21.17/£6.17
MCB-DPWM 1.79/2.51 +11.86/+6.03

The simulation waveforms utilizing SVPWM, CB-DPWMI,
CB-DPWM2, and MCB-DPWM with m = 0.4 and 0.7, re-
spectively, are shown in Fig. 11. In these figures, i,, i3, and
i. represent the three-phase input currents. uao represents the
voltage difference between terminals A and O in Fig. 1. uap
represents the line voltage of phase AB. uqf - is the reference
modulation signal of phase-A after injecting the zero-sequence
voltage. Auq. represents the NP voltage fluctuation, which is the
voltage difference between Ug.1 and Ugco. The corresponding
simulation results for the current THD and NP voltage fluctua-
tion are summarized in Table IV. The simulation waveforms of
transient response under output power step-up and step-down
conditions with different modulation methods are shown in
Fig. 12. The transient response results show that the proposed
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Fig. 12.  Simulation waveforms of transient response under output power step-up and step-down conditions. (a) SVPWM with output power step-up from 2.5 to

5 kW. (b) SVPWM with output power step-down from 5 to 2.5 kW. (¢) CB-DPWMI1 with output power step-up from 2.5 to 5 kW. (d) CB-DPWMI1 with output
power step-down from 5 to 2.5 kW. (e) CB-DPWM2 with output power step-up from 2.5 to 5 kW. (f) CB-DPWM?2 with output power step-down from 5 to 2.5 kW.
(g) MCB-DPWM with output power step-up from 2.5 to 5 kW. (h) MCB-DPWM with output power step-down from 5 to 2.5 kW.

TABLE V
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Part

MOSFET (S; to Ss)
Diode (D, to Dg)
Gate driver
Digital signal processor

Device

6 x OSG65R099HF
6 x C4D20120D
3 x UCC21520DW
1 x TMS320F280049C

MCB-DPWM has good dynamic response performance similar
to other modulation methods.

TABLE VI

EXPERIMENTAL RESULTS OF DIFFERENT MODULATION SCHEMES

. Current THD (%) NP fluctuation (V)
Modulation m = 04/m =07 m = 04/m =07
SVPWM 2.58/2.23 +1.39/+1.47
CB-DPWM1 2.42/4.08 +12.39/+11.12
CB-DPWM2 4.93/3.56 +21.03/+6.63
MCB-DPWM 2.05/2.63 +11.95/+6.55

Switching losses are effectively decreased in the purple
clamping region close to the peak current point, thanks to the
A-P, A-N, and A-O clamping modes. The modulated wave of
SVPWM and CB-DPWM?2 is not clamped near the current
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TABLE VII
PROS AND CONS OF DIFFERENT MODULATION SCHEMES

. Runtime/us Zero-Crossing NP fluctuation Current THD g
Modulation SV- /CB- distortion m=04/m=0.7 m=04/m =07  SWitching Loss
SVPWM 4.05/2.07 Yes Low/Low Low/Low High
DPWMI 4.12/2.34 No Medium/High Medium/High Medium
DPWM2 4.28/2.09 Yes High/Low High/Medium Low
MCB-DPWM - /2.16 No Low/Low Low/Low Low
6
CB-DPWMI
S | |—=—cB-DPWM2
e a —&— MCB-DPWM
ps /.\
< 4 N ’._;_;*/A
s N
a3 -~
= g
=, Y S
..... A—""A'
IT Fig. 14.  Prototype of the three-phase Vienna rectifier.
0

02 03 04 05 06 07 08 09 1.0
Modulation Index

Fig. 13. Current THD of CB-DPWMI, CB-DPWM2, and MCB-DPWM in
full-range modulation index.

zero-crossing point, as can be observed from the figures, which
causes significant distortions in the three-phase input current
and line voltage uap. Fortunately, since clamping mode A-O
is employed in the blue-shaded region, the CB-DPWM1 and
MCB-DPWM are able to completely eliminate the zero-crossing
current distortion. NP voltage fluctuation for SVPWM, CB-
DPWMI, CB-DPWM?2, and MCB-DPWM is £1.29 +12.08,
+21.17, and £11.86 V under m = 0.4, and +1.35, +£10.72,
+6.17, and £6.03 V under m = 0.7. In comparison with the
other two discontinuous modulation methods, the MCB-DPWM
has the lowest NP voltage fluctuation, which is nearly half
of the maximum value among the three discontinuous mod-
ulation schemes. The MCB-DPWM has a lower NP voltage
oscillation and no zero-crossing distortion, which reduces the
low-frequency harmonics and results in the best current THD
performance.

The current THD of CB-DPWM1, CB-DPWM2, and MCB-
DPWM with different modulation indices is presented in Fig. 13.
As can be seen from Fig. 13, the current THD is the same with
m = 1, as the clamping modes are the same for the three DPWM
methods with m = 1. However, the current THD of the proposed
MCB-DPWM is lower than that of the other two DPWMs with
both low- and medium-modulation indices. Especially in the
range of modulation indices for practical applications (0.4 < m
< 0.8), the current THD of MCB-DPWM is significantly lower
than that of the other two discontinuous modulation methods.
Therefore, MCB-DPWM has a lower current THD and better
input current waveform quality than the other two discontinuous
modulation methods.

Moreover, it is worth mentioning that using the proposed
MCB-DPWM, the minimum switching loss, NP fluctuation
reduction, and the zero-crossing distortion elimination are
achieved simultaneously with different modulation indices.

B. Experimental Results

A 5-kW three-phase Vienna rectifier prototype, as shown in
Fig. 14, was built to verify the theoretical analysis, and the main
system parameters are the same as those of the simulation. The
major devices used to build the hardware are listed in Table V.

The experimental results for different modulation schemes
with modulation indices of 0.4 and 0.7 are shown in Fig. 15. The
corresponding experimental results for the current THD and NP
voltage fluctuation are summarized in Table VI. When SVPWM
and CB-DPWM2 are used, the zero-crossing current distortion
is visible at m = 0.4 and 0.7, as shown in Fig. 15(a), (c), (e), and
(g). Comparing Fig. 15(b), (f), (d), and (g), both CB-DPWM1
and MCB-DPWM have no zero-crossing distortion. NP volt-
age fluctuation for SVPWM, CB-DPWM1, CB-DPWM2, and
MCB-DPWM is £+1.39, +12.39, £21.03, and +11.95 V under
m = 0.4, and +=1.47, £11.12, £6.63, and +6.55 V under
m = 0.7. Therefore, there are smaller peaks of low-frequency
neutral-point voltage fluctuations after using the proposed MCB-
DPWM, which is nearly half of the maximum value among the
three discontinuous modulation schemes. In all, the proposed
MCB-DPWM has no zero-crossing distortion, smaller peaks
of NP voltage fluctuation, and lower low-frequency harmonics,
which results in a lower THD and better input current waveform
quality.

The experimental waveforms of transient response under
output power step-up and step-down conditions with different
modulation methods are shown in Fig. 16. The dynamic response
speed mainly depends on the control loop (dual-loop control
used in this article), which has been proved in [26]. In fact, the
control loop of four types of modulation methods is same, and
the dynamic experimental effect of the proposed MCB-DPWM
is almost the same as that of the other modulation methods.

The efficiency comparison among the SVPWM, the CB-
DPWMI, the CB-DPWM2, and the proposed MCB-DPWM un-
der m = 0.7 is depicted in Fig. 17. The peak efficiency of MCB-
DPWM is 98.22%, and it is comparable with CB-DPWM2,
which has a higher efficiency than the other modulation schemes.

The current THD comparison among the SVPWM, the CB-
DPWMI, the CB-DPWM2, and the proposed MCB-DPWM
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under m = 0.7 is depicted in Fig. 18. The MCB-DPWM has the
lowest current THD among the three discontinuous modulation
methods. At rated power, the current THD of the MCB-DPWM

is slightly higher than that of the SVPWM and meets the standard
of lower than 5%.
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The pros and cons of different modulation methods are sum-
marized in Table VII. The comparisons include program runtime
based on the space-vector and carrier methods, whether there is
zero-crossing distortion, NP fluctuation, and current THD with
m = 0.4 and m = 0.7, and switching loss. SV- and CB- repre-
sent the space-vector-based and carrier-based implementations,
respectively. The runtime of the conventional SVPWM is
4.05 ps, while the proposed MCB-DPWM takes only 2.16 us.
There is an almost 50% runtime reduction.

V. CONCLUSION

In this article, an MCB-DPWM is proposed for the Vienna
rectifier by using the calculation of the proper zero-sequence
components and division of the clamping area. Therefore,
switching loss and current distortion are reduced simultaneously.
Theoretical analysis and experimental results demonstrate the
following characteristics of the proposed MCB-DPWM strategy.

1) The zero-crossing distortion can be eliminated by injecting
the proper zero-sequence components in the adjustable
clamping region, and the current THD performance is also
improved.

2) The low-frequency NP voltage fluctuation is reduced
after using the proposed MCB-DPWM. Therefore, the
low-order harmonics of the input current are decreased,
resulting in higher input current quality.

3) Compared with the conventional SVPWM, about 46% and
42% of switching losses are reduced with m = 0.4 and 0.7
by using the proposed MCB-DPWM.

4) Low computational burden and easy implementation,
which is more accessible in practical applications.

The proposed MCB-DPWM performs well under normal
utility grid condition, the optimizations of operational perfor-
mance under unbalanced utility grid voltage conditions, and
unbalanced load conditions are for further study. Moreover, as a
requirement for high-frequency applications, simpler and more
flexible carrier-based DPWM schemes are worthy of further
research.
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