IEEE Access

SPECIAL SECTION ON EMERGING TECHNOLOGIES FOR ENERGY INTERNET

Multidisciplinary : Rapid Review : Open Access Journal

Received January 6, 2020, accepted February 6, 2020, date of publication February 10, 2020, date of current version February 20, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2972906

A Modular Multilevel Dual Buck Inverter With
Adjustable Discontinuous Modulation

DAN LYU ", (Student Member, IEEE), YICHAO SUN"“, (Member, IEEE),
CARLOS ALBERTO TEIXEIRA"2, (Member, IEEE), ZHENDONG JI3,
JIANFENG ZHAO"“4, AND QI WANG"!

!School of Electrical and Automation Engineering, Nanjing Normal University, Nanjing 210023, China
2School of Engineering, RMIT University, Melbourne, VIC 3001, Australia

3School of Automation, Nanjing University of Science and Technology, Nanjing 210094, China
#School of Electrical Engineering, Southeast University, Nanjing 210096, China

Corresponding author: Yichao Sun (yichao.sun1987 @ gmail.com)

This work was supported in part by the National Natural Science Youth Foundation of China under Grant 51807096, and in part by the
Natural Science Foundation of the Higher Education Institutions of Jiangsu Province under Grant 18KJB470020.

ABSTRACT Conventional single-cell dual buck inverters present high reliability, however they cannot be
directly used in high voltage applications, because of the limited voltage rating of commercial switching
devices. Therefore, a novel modular multilevel dual buck inverter (MMDBI), capable of processing voltage
and power at higher levels, requiring a single dc input voltage, is proposed in this paper. Non-interleaved
phase-shifted discontinuous modulation (NIPSDM) and interleaved phase-shifted discontinuous modulation
(IPSDM) schemes are applied to the proposed inverter to reduce the current stress in the switching devices.
Despite beneficial to the converter efficiency, the use of these discontinuous modulation approaches results
in current zero-crossing distortion, which needs to be appropriately managed. In this work, theoretical
values for the common-mode and differential-mode current ripples under NIPSDM and IPSDM modulation
strategies are derived, and each switching operating mode is fully analyzed. From that, an adjustable
current threshold value, which depends on the theoretical current ripple magnitude, is incorporated into
the modulation strategy, producing a minimum switching overlap period between the two buck cells
that eliminates the current zero-crossing distortion and produces a high-quality output current. Extensive
simulation and experimental investigations are presented to demonstrate the feasibility and effectiveness of
proposed topology and adjustable discontinuous modulation strategy.

INDEX TERMS Modular multilevel converter, dual buck inverter, discontinuous modulation, interleaved,

non-interleaved, current ripple.

I. INTRODUCTION
Inverters play a crucial role in renewable power generation
systems, uninterruptable power supplies, motor drives, air-
plane power systems, active filters, among others. While
many topological arrangements have been proposed over the
years, the search for novel inverter topologies with higher
efficiency and reliability [1], [2] still is a driving force in
power electronics, both in industry and academia.

Most of the proposed topologies are based on com-
plementary switch arrangements, which inherently require
the use of switch turn on dead-time to prevent converter
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shoot-through [3]. This inevitably results in output voltage
distortion and limits the upper boundary of the switching
frequencies that the converter can operate. It is also a major
reliability hazard, especially when the switching frequency
reaches several kHz.

In order to handle the existing shortcomings of traditional
bridge-type converters, the dual buck inverter (DBI), an inher-
ently shoot-through free topology, was firstly proposed in [4].
The arrangement eliminates the need for dead-time and asso-
ciated output distortion and has high reliability. Nevertheless,
the conventional single-cell dual buck half-bridge presents
several drawbacks. Firstly, its reduced (50%) dc voltage usage
leads to high voltage stress in the switching devices. Sec-
ondly, commercially available switching devices have limited
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voltage blocking capability, restricting the conventional DBI
to low voltage, low power applications.

One approach to address these limitations is to improve
the dual buck converter structure. In-depth analysis of the
operation principles and characteristics of modified dual buck
topologies were discussed in [S]-[16]. Typical structure vari-
ations include the dual buck full-bridge topology [9], [10]
and the three-bridge dual buck topology [11], [12], which
has higher dc voltage usage and lower voltage stress. Besides
that, the single inductor dual buck topology [13] and the
T-type dual buck topology [14] were proposed with the
particular aim of reducing the system volume with fewer
inductors and higher magnetic usage. However, because of
the complex structure typically containing large number of
switches, the influence of switching losses cannot be ignored
in high power conversion applications. A family of dual buck
structure with improved efficiency and reliability was pro-
posed in [15], [16], where the general principles of the dual
buck topology were summarized in detail, however without
specific discussion on the modulation requirements for this
topological arrangement.

There are two mainstream modulation strategies for dual
buck inverters, which can be classified as full-cycle and half-
cycle schemes. Full-cycle modulation requires all switches
operating simultaneously within a fundamental period. This
approach incorporates a bias into the inductor currents that
produces an additional output voltage level [17], at the
expense of higher device current stress and reduced converter
efficiency. Conversely, only half the active switches conduct
within each half period under half-cycle modulation. This
eliminates the need for a bias current and improves the con-
version efficiency, however introduces current zero-crossing
distortion, originated from the presence of current ripples
of opposite direction during the zero-crossing transitioning.
References [10], [18] have proposed a hysteresis current
control scheme to suppress the distortion, with the drawback
of operating with variable switching frequency. A hybrid
PWM method is adopted in [2], [18], where the duty ratio
is set to O within the zero-crossing region to suppress the
distortion, however this leads to distortion in the overall
output current. A repetitive controller under this nonlinear
modulation is introduced to eliminate the distortion, however
tuning of the controller parameter is non-trivial. In [1], left
and right switches of the dual buck are commanded to conduct
simultaneously at a critical point of the inductor current,
creating a smooth ripple current transition with suppression
of the current distortion during zero crossings.

Multilevel topologies have evolved as a viable option
to achieve lower voltage and current stresses with reduced
switching losses while operating at higher dc link voltage
conditions, when compared to the conventional DBI. The
cascaded H-bridge multilevel inverter has the merits of mod-
ularity and controllability, however it presents shoot-through
hazard because of its bridge-type cell unit. The cascaded
dual buck half-bridge topology [20], [21] and the cascaded
dual buck full-bridge topology [22]-[24] were proposed as
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alternatives to increase the converter reliability. Within this
context, the use of carrier phase-shifted unipolar or bipo-
lar PWM strategies allows increasing the effective con-
verter switching frequency and this potentially eliminates
the ripple current at zero crossings, reducing the distor-
tion [20]. However, the use of multiple individual dc volt-
age sources results in larger volume and higher overall
cost.

Another popular multilevel topology is the modular multi-
level converter (MMC), which presents inherent modularity
and scalability, flexible control, compact design, excellent
harmonic performance and high efficiency. MMC allows high
power conversion using low-voltage rated active switching
devices, and this makes it a very suitable topology for high
voltage and high power applications [25]-[30]. MMC con-
verters formed by dual buck submodules (SMs) retain the
same bidirectional four quadrant operation capability of tra-
ditional MMCs formed by full-bridge (or half-bridge) sub-
module arrangements.

This paper proposes a novel modular multilevel dual buck
inverter (MMDBI) with adjustable discontinuous modula-
tion. Operation principles and current path for the vari-
ous converter switching modes are analyzed in detail for
both non-interleaved phase-shifted discontinuous modula-
tion (NIPSDM) and interleaved phase-shifted discontinuous
modulation (IPSDM) schemes. In addition, common-mode
and differential-mode current characteristics are com-
pared between the two proposed discontinuous modulation
approaches, since they present completely opposite patterns
with the implementation of different interleaved angles.
An adjustable current threshold, based on the theoretical
current ripple values, is incorporated into the discontinuous
modulation command to manage the current zero-crossing
distortion and enhance the converter power quality. Simu-
lation and experimental results illustrate the distinct con-
verter behavior when operating under IPSDM or NIPSDM
schemes and validate the proposed approach to mitigate the
zero-crossing current distortion of this topology.

Il. PROPOSED MMDBI TOPOLOGY

A. STRUCTURE OF PROPOSED MMDBI

Fig. 1 illustrates the circuit configuration of the proposed
MMDBI. The dc system of MMDBI, often referred as
dc-bus or dc-link, connects across the positive and neg-
ative nodes of the converter phase-leg. The single-phase
ac system is divided into upper and lower arms, each
formed by a series connection of N identical sub-modules
and a center-tap coupled buffer inductor connected to an
RL load. The converter losses are modeled by the para-
sitic resistance of the arm inductor. The midpoint of the
independent dc sources acts as ground node of the overall
MMDBI system.

As shown in Fig. 1(b), the sub-module is a dual buck
topology, consisting of a dc capacitor and two legs, each
formed by an IGBT and an anti-series diode, whose midpoint
connects to the buffer coupled-inductor.
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B. MATHEMATICAL MODEL OF PROPOSED MMDBI
Applying Kirchhoff’s voltage law to the circuit in Fig. 1 yields
the following equations:

di di

Ude — uy — o =Rsiu+Lsd_;1 +LmE (D
U, bug = Ry + L2 4 g, B )
dc — Ul T Up = 1] Sdt mdt

where Uy, is the overall dc-link voltage, uy, uj, u, are the
sum of the N submodule voltages in the upper and lower
arms and the ac-side output voltage, respectively; i, i are
the upper and lower arm currents, respectively; Lg, Ly, are
the self-inductance and mutual inductance of the coupled arm
inductor; and Ry is the parasitic arm resistor. Subtracting (1)
from (2) yields
o= 5 = ) 3R i — i) + (s — L) T 3)
In addition, using Kirchhoff’s current law, the output cur-
rent of MMDBI system can be written as

o =iy — I 4)

The upper and lower arm currents and voltages can be
split into common-mode and differential-mode quantities and
expressed as

i = icm - idm (5)
U] = Uem + Udm (6)

iu = icm + idm
Uy = Ucm — Udm
where icm, Idm, Ucm, Udm represent common-mode and

differential-mode currents and voltages, respectively.
Additionally, substituting (4)-(6) into (1) and (2) yields

dicm

tem = Udc — Rsiem — (Lx + 2Ly) dr @)
. didm
udm = (Rs + 2Rg)igm + (Lx + 2Lg)7 3

where Ly = Ly — Ly, represents the leakage inductance of
the coupled arm inductor. Since L; and R, are negligible in
practice, Equation (3) is approximated as

Uy & %(“1 — Uy) ©

1Il. DISCONTINUOUS MODULATION SCHEMES

A. FUNDAMENTALS OF DISCONTINUOUS MODULATION
Figure 2 provides key waveforms of a dual buck MMC
SM operating with discontinuous (Fig. 2(a)) and con-
tinuous (Fig. 2(b)) modulation schemes. From Fig. 2(a),
continuous modulation requires that all switches operate
simultaneously within the entire fundamental period. Con-
tinuous current mode (CCM) with synthesis of three-level
SM voltage is achieved by incorporating a bias offset into
the phase-leg coupled-inductor currents, which increases the
devices current stress and associated switching and conduc-
tion losses. Conversely, under discontinuous modulation the
active switches conduct complementarily within each half
period (see fig. 2(b)), and this effectively reduces the device
current stress and improves the conversion efficiency.
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FIGURE 1. Circuit configuration of the proposed MMDBI. (a) System
layout and (b) Dual buck submodule.

When the converter submodule is commanded with discon-
tinuous modulation, the left buck cell (formed by switch Sj,, 1,
freewheeling diode Dj, 1, inductor Lj, 1 and capacitor Cj,
shown in Fig. 1.(b)) and the right buck cell (formed by
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FIGURE 2. lllustration of two typical modulation schemes for dual buck cell. (a) Continuous modulation and (b) Discontinuous

modulation.
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FIGURE 3. Operating states of the dual buck submodule. (a) Left buck
operates, S, 1 is on; (b) Right buck operates, S, ; is off; (c) Left buck
operates, Sy, 1 is off; (d) Right buck operates, S;, 5 is on.

switch Sj, 2, freewheeling diode Dj, 2, inductor Lj, > and
capacitor Cj, shown in Fig. 1.(b)) operate complementar-
ily within a fundamental cycle. This results in four dis-
tinct operating states, illustrated in Fig. 3, where for two of
these states there is an energy transfer from/to the submod-
ule capacitor, while for the other two states the submodule
capacitor is bypassed and its charge (and consequently, volt-
age) remains constant. When the left buck cell is operating,
Sin_1 and Dj,, 1 alternately conduct to guarantee a contin-
uous current flow through inductor Lj, 1. The submodule
capacitor is bypassed when the freewheeling diode Dj,_; is
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conducting and it discharges when the switch Sj, | is on,
therefore the submodule capacitor energy keeps decreasing-
constant-decreasing in cycles. Similarly, the capacitor energy
keeps increasing-constant-increasing when the right buck cell
is operating.

Consider that each submodule of the proposed MMDBI
has identical characteristics (in particular, Lj, | = Lj, 2 =
Lgm) and assume two submodules per arm (N = 2) for
simplicity. Consider that the phase-shifted carrier discontin-
uous PWM scheme achieves natural voltage balance and all
submodule capacitor voltages are equal, i.e. Ucy] = Ueu2 =
Uyl = ugp = Uge. The converter submodule switching
behavior under NIPSDM and IPSDM schemes can be divided
into four stages according to the individual switch conditions,
as shown in Table 1. More specifically, stage I is characterized
by having i] > iy > 0and i, < 0, with switch pairs Sy1 2, Su2 2
and S11_2, S12_2 both switching at high-frequency. Stage II has
ij > 0> iy and i, < 0, with switch pairs Sy1_1, Su2_1 and S11_2,
S12_2 both switching at high-frequency, whereas stage III has
iy > i1 > 0and i, > 0, with switch pairs Sy 2, Suz_2 and S11 2,
S12_2 both operating at high-frequency. Finally, stage IV has
iv > 0> i and i, > 0, with switch pairs Sy1_2, Su2 2 and S11_1,
Si2_1 both switching at high-frequency.

Next section provides a detailed analysis of the specific
submodule switching patterns, taking into account the sym-
metrical operation and circuit layout of MMDBI.

B. NON-INTERLEAVED PHASE-SHIFTED DISCONTINUOUS
MODULATION SCHEME (NIPSDM)

The phase-shifted modulation approach evenly allocates the
N carriers in both upper and lower arms with incremental

VOLUME 8, 2020
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TABLE 1. Submodule switching stages under discontinuous modulation scheme.

Individual Switch Condition
Switching Stage
Sul_l Su1_2 Su2_1 Su2_2 Sll_l Sll_2 S12_1 S12_2

Stage |

i>i,>0 and /,<0 X O X o) X O X o
Stage 11

i>0>i, and i,<0 o X @) X X e X 0
Stage 111

i,>i>0 and i,>0 X O X O X O X o
Stage IV

i,>0>i and i,>0 X O X O @) X e X

Legend: x = switch is off, o = switch is switching at high-frequency

Mode 1: Sy 28,2 2Si1 252 2= 0011 ‘

Mode 2: Sy 282 2Si1 282 2= 1010‘

‘ Mode 3: Sy 282 2Si1 2% 2 = 0101 ‘

Upper unit 1 Upper unit 2

Upper unit 1 Upper unit 2

Tdeu2

SuZ 1
+

Upper unit 1

+

Ly
2 ) teut s

T 1]

Use ® Ueul 1=

Uew2 1= Cyp

Tdeu2

Su27 -

4
Udc(g Uou

+
ey Cyp

Dy,

U + +
¢ O Ue2 1= Uel) ==

. +
Ul = ez = Uein 15

(a)

(©)

FIGURE 4. Current paths for switching stage | with NIPSDM scheme. (a) Mode 1, (b) Mode 2, (c) Mode 3 (same as Mode 1 and Mode 5 for IPSDM

scheme).

2x/N angle shifts, respectively, providing high effective
switching frequency and even switching stresses and losses
distribution across the submodules. Conversely, the nipsdm
scheme adopts a zero phase-shift angle to the two groups
of carriers in the upper and lower arms. As a result, during
switching stage I, both upper and lower arm mmdbi submod-
ules operate with their right buck cell conducting, with the
arm current being equal to the current flowing through L;,_»
within each submodule, viz. ij, » = i, (j = u, 1), whereas
the current flowing through L;,_; within each submodule is
zero since diode Dj,_; isreverse biased, and as a consequence,
the submodule circulating current is zero. Fig. 4 illustrates the
various current paths for the NIPSDM scheme, for switch-
ing stage I, according to the operating modes defined as
follows.

Mode 1: S11 2 and Spp o are both on, Dy1 2 and Dy 2
are both forward-biased and carry the freewheeling current.
Capacitors Cy1 and Cyy charge up while the other two capac-
itors retain their charge. Also, uy = 2Uqc, u1 = 0, uy = Uqc
and ucy = Ugc. The rate of change of the arm currents and
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common-mode and differential-mode quantities are

di 1 (di di di 1 /di di
‘m _ _ _“+_l Gdm _ ~ (%41 (10)
dt 2 \dt dt dt 2 \dt dt

From the current paths indicated in red in Fig. 4, the rate
of change of upper, lower, common-mode, and differential-

mode currents can be defined as

dﬂ . Udce + uo @_ —Uge — uo (11)
d B dr B
dicm _ digm _ Ugc + uo (12)
dt dt B

where A = Ly, + 2Lgm + Lg and B= Ly, — (2L, + Ly).
Mode 2: Sy1 2 and Sy 2 are both on, Dy 2 and Dy »
are both forward-biased and carry the freewheeling current.
Capacitors Cy» and Cjp charge up while capacitors C,; and
(1 retain their charge. Also, uy = Uqgc, 41 = Uqc, 4o = 0 and
ucm = Ugc. Current slopes in this mode can be expressed as
diy
dt B

U, di —Ug

dt B

(13)
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dicm digm Uo

dr 0 dt B 14
Mode 3: Sy2 2 and Spp_» are both on, Dy 2 and Dy 2

are both forward-biased and carry the freewheeling current.

Capacitors Cy; and Cy; charge up while Cy» and Cpp retain

their charge. Also, uy = Uqge, 1 = Uqge, o = 0 and

uem = Ugc and the current slopes are the same as for Mode 2.

C. INTERLEAVED PHASE-SHIFTED DISCONTINUOUS
MODULATION SCHEME (IPSDM)

The use of an interleaved phase-shifted angle w/N between
upper and lower arm carriers doubles the operating modes and
increases the effective switching frequency of the phase-leg
inductors in each submodule by 2N times without increas-
ing the switching frequency of semiconductor devices. This
allows reducing the volume of the passive filtering com-
ponents. Fig. 5 illustrates the various current paths for the
IPSDM scheme, for switching stage I, according to the oper-
ating modes defined as follows.

Mode 1: This mode is the same as Mode 3 for NIPSDM at
switching stage I.

Mode 2: Sp» 7 ison, Dyj 2, Dy2 2,and Dy; » are all forward-
biased and carry the freewheeling current. Capacitors Cyj,
Cy2, and Cj; charge up while Cy; retains its charge. Also,
Uy = 2Uqc, U = Uge, uo = —Uqc/2 and ueyy = 3U4c/2. From
the current paths indicated in red in Fig. 5, the rate of change
of upper, lower, common-mode, and differential-mode cur-
rents can be expressed as

diy  252Usc +Auo  diy  —25PUsc — Auo as)
dt AB dt AB

dicm . —Ude  digm N %Udc + uo (16)
dt 2A dt B

Mode 3: Sy1 2 and Spp 2 are both on, Dy 2 and Dy 2
are both forward-biased and carry the freewheeling current.
Capacitors Cyy and Cy; charge up while Cy; and C)p retain
their charge. Also, uy = Ugc,uy = Uqge, uo = 0 and
Uem = Ugc. Current slopes are the same as for Mode 1.

Mode 4: Su1.2, Su_2, and Spp o are all on, Dy 2 is
forward-biased and carries the freewheeling current. Capaci-
tor Cyp charge up while Cy1, C; and Cjp retain their charge.
Also, uy = Uge, u =0, ug =-Uyge/2 and ucyy = Uye/2. Current
slopes can be defined as

diy A%B Ude + Auo  dip _A%B Ude — Auo

== =—2 — > 7

dt AB dt AB 17

dion _ Use diam _ 3Udc + o as)
a  2A At B

Mode 5: This mode is the same as Mode 3 for NIPSDM at
switching stage I.

Mode 6: S11 2 ison, Dy1 2, Dy2_2,and Dy 5 are all forward-
biased and carry the freewheeling current. Capacitors Cyj,
Cy, and Cjp charge up while Cj; retains its charge. Also,
Uy = 2Uq4c,uy = Uge, uo = —Uqc/2 and uceyy = 3Uq4c/2.
Current slopes in this mode are the same as for Mode 2.
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Mode 7: Sy2 2 and Sj; 2 are both on, Dy 2 and Dy »
are both forward-biased and carry the freewheeling current.
Capacitors Cy; and Cp charge up while Cy; and Cj; retain
their charge. Also, uy = Uqgc, w1 = Uqe, o =0 and ucy, =
Ugc. Current slopes in this mode are the same as for Mode 3.

Mode 8: Sy 2, S 2, and Spp o are all on, Dy 2 is
forward-biased and carries the freewheeling current. Capaci-
tors Cy1 charge up while Cy», C1, and Cy; retain their charge.
Also, uy = Uqge, 1 = 0, uy = -Ugc/2 and ueyy, = Ugc/2.
Current slopes in this mode are the same as for Mode 4.

Note that during switching stage I, only one controllable
semiconductor device switches on or off within each oper-
ating mode, while all other switching devices retain their
previous individual states. In addition, the switches within the
lower arm submodules only conduct after all switches in the
upper arm submodules have operated (i.e. have turned on or
off). The number of on-state switches varies as N,N — 1,
N + 1, and back to n, while the switched output voltage
changes back and forth between 0 and —0.5Ujc.

The analysis of the operating modes for switching
stages II, III, and IV has been performed using similar rea-
soning, with the results being here omitted for brevity.

IV. ADJUSTABLE DISCONTINUOUS MODULATION

Same as for the conventional dual buck converter, when the
MMDBI topology operates with discontinuous modulation
(NIPSDM OR IPSDM), upper and lower arm current rip-
ples at zero-crossings are nonzero, and this causes unde-
sirable current zero-crossing distortion, which needs to be
managed. This section introduces an adjustable discontinu-
ous modulation scheme that effectively mitigates the current
zero-crossing distortion in the MMDBI topology and consid-
erably enhances the converter power quality.

The modulation commands in the proposed discontinuous
modulation strategy incorporate specific current thresholds,
defined based on theoretical values of the arm ripple current,
to enforce a minimum switching overlap period between
the two buck cells that eliminates the zero-crossing current
distortion.

A. CURRENT RIPPLE ANALYSIS

Current ripple needs to be appropriately managed for the
synthesis of quality waveforms in power conversion systems.
Section III has presented a detailed analysis of the current
flow under various converter operating modes and has pro-
vided analytical expressions for the di,/dt, diy/dt, dicm/dt and
digm/dt slopes for each of these modes. For a given slope,
the magnitude of the ripple current relates to the duration of
each switching state, defined by the switching frequency and
duty ratio. Since the modulation commands for upper and
lower arms are 180° phase-shifted, duty ratios Sy, 2 and Sip 2
are complementary to each other, viz. 8y, 2 + 81, 2 = 1 with
n = {1, 2}. For simplicity, consider that 8,1 » = Sy 2 =
8u 2 and 811 2 = 812 2 = 81 2. Assuming the IPSDM scheme
as an example, the time interval At for each operating mode
within switching stage I is defined as At} = (3/4 — & 2)T;

VOLUME 8, 2020
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FIGURE 5. Current paths for switching stage | with IPSDM scheme. (a) Mode 2, (b) Mode 3, (c) Mode 4, (d) Mode 6, (e) Mode 7 and (f) Mode 8.

for the rise-time of igy (e.g. modes 1, 3, 5, and 7) and
Aty = (81 2 — 1/2)T; for the fall-time of igy (e.g. modes 2, 4,
6, and 8), where §; » € [1/2, 3/4] and T denotes the switching
period. As shown in Fig. 6, when i, is negative (switching
stages I and II), S, » operates at high-frequency and the duty
ratio 81 » changes continuously during this period and vice-
versa.

1) COMMON-MODE CURRENT RIPPLE ANALYSIS

According to Eqn. (7), the common-mode current icp, that
flows through the phase-leg of MMDBI is controlled by
the coupled arm inductance, upper half dc-link voltage and
common-mode dc-side voltage, with the analytical expres-
sion for iy, obtained by rewriting (7) as

1
~ Le+ 2Ly

fem / (Ude — uem)dt (19)
From this expression, the common-mode current .y, depends
on the integral of the voltage difference between Ug. and

ucm. More specifically, if Uge is larger than ucy then icp
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has a positive slope, whereas if Uy is smaller than ucy, then
icm has a negative slope, and finally, if Ug is equal to ¢y
then i., remains constant. This means that for the switching
combinations of each switching stage, as long as the sum
of Sj, 1 = land Sj, 2 = Owithn = {1,2,...,N}is
equal to N, the submodule capacitor voltages match the over-
all dc-link voltage and the common-mode current remains
constant within a switching cycle. However, if the sum of
Sin_1 =1landSj, o =0withn = {1, 2,..., N}islarger than
N, the energy-transferring submodules will transfer energy
from their capacitors to the overall half dc-link capacitors and
icm Will reduce linearly and vice-versa.

Applying these principles to the NIPSDM and IPSDM
schemes, a distinction is identified concerning the slope of ¢y
within a switching period. More specifically, the common-
mode current i.,, under NIPSDM is constant within each
switching cycle, while the additional operating modes of the
IPSDM scheme cause the rising-constant-decreasing pattern
in the circulating current. Therefore, from the switch com-
mands shown in Fig. 7, the common-mode ripple current
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TABLE 2. Current ripples under IPSDM and NIPSDM schemes.

o NIPSDM IPSDM
Switching Stage Al N1 Algm N1 Al 1 Algm 1
1
Stage | U, ( 1 ) N
K 6,——|T. e e 1
1 2€[1/2,3/4] U +u | 2A UP 2) K ZT((EZ —EJT
0 K de o 51 , ==
B ) 1
Stage 11 KiUdc (1_6 )T 7Udc + u,
5 E[3/4,(1+M)/2] AL K-8,
+U 1 1
Stage I11 K 2—:(5” _Ej T EUdc *u, 1
Sy 2€[1/2,3/4] U +u ! K T(c?uz —EJTS
0 K dc o (é‘u 5 __j
Stage IV B 2 U Ly
age —~ dc _ A Yde + u,
. 2€[34, (1+M)12] I
be derived as
N N TN Ai gtV (5 1) T 21)
- i iem lem_1 = 12— =
N, A e 2A 2)°°

m g
0 | !
Igm igm |

I II I I v 111 I 1I I 1 v 111

v 11T

Uge |

Uao/2}

U2 111 v 1T

“Uge | —

5172 L 5@
(b)

FIGURE 6. Simulation waveforms of arm currents iy, ij, common-mode
and differential-mode currents icm, igy. and output voltage and current
uo, io of the proposed MMDBI (N = 2). (a) IPSDM, (b) NIPSDM.

within switching stage I of NIPSDM scheme is defined as
AicmfNI =0 (20)

Similarly, as illustrated in Fig. 8, iy, falls or rises during the
falling intervals of igy, whereas iy, remains constant during
the rising intervals of igy,. Therefore, the common-mode
ripple current within switching stage I of IPSDM scheme can
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where K provides an appropriate safety margin for the correct
operation, with K usually set as 1.1 to 1.5.

2) DIFFERENTIAL-MODE CURRENT RIPPLE ANALYSIS
The differential-mode current ripple during switching stage I
of NIPSDM scheme can be expressed as:

. Uqgqec + 1 1
Aigm NI = K% (51_2 - 5) Ty (22)

When compared to the NIPSDM scheme, the IPSDM
approach has twice the number of switching states. Conse-
quently, the differential-mode current ripple during switching
stage I of IPSDM scheme is readily found as

1 u
Nign 1 = K 2T (81_2 - %) T, @

A summary of the common-mode and differential-mode
current ripples for the NIPSDM and IPSDM schemes is pro-
vided in Table 2. Considering the double effective switching
frequency achieved by the IPSDM approach, the differential-
mode ripple current is greatly reduced under this modulation
strategy. In addition, for the IPSDM scheme there are two
differential-mode (output current) ripples within the positive
half-cycle, and the ripple approaches to zero when 8| » = 3/4
(i.e. zero-crossing of iy) and & » = 1/2 (i.e. zero-crossing
of i,), respectively. This means that the differential-mode
ripple current reduction takes place at the boundaries of
the four switching stages. However, when it comes to the
NIPSDM scheme, only one differential-mode current ripple
exists throughout the positive half-cycle, and the ripple is zero
when 8§ 2 = 1/2 (i.e. zero-crossing of iy).

Based on this analysis, there is a compromise between
reducing the differential-mode ripple current at the expense
of increasing the common-mode ripple current.
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FIGURE 7. Switch commands for the NIPSDM scheme when S, ; and S| ,
operate at high-frequency and resulting converter currents. B

B. CURRENT ZERO-CROSSING DISTORTION ANALYSIS
When operating with a discontinuous modulation scheme
(NIPSDM or IPSDM) with zero threshold (under the assump-
tion that the current zero-crossing point is known as illus-
trated in Fig. 9(a)), the MMDBI topology presents current
zero-crossing distortion during changes of the arm current
polarity, and this effect is more severe for lower converter
switching frequencies. Since the current ripple has oppo-
site polarities around the zero-crossing point, this inevitably
produces an unpredictable jump in the arm current and a
large voltage overshoot (as shown in Fig. 6). This reduces
the converter power quality and decreases the converter effi-
ciency, particularly when the load power factor is relatively
low and the ripple current is large because of capacitor voltage
fluctuation during power exchange.

A possible strategy to manage the zero-crossing current
distortion is to deliberately command both buck cell switches
on for a short period of overlap time during arm current
zero-crossing events. Consider for example the upper arm
current iy, depicted in Fig. 9(b), where gray dashed boxes indi-
cate overlap switching periods, achieved by turning Sy, 1 on
when the positive average current Ai (e.g. half the maximum
upper arm current ripple) is larger than the sampled value
Iy_avg and turning Sy,_2 on when the negative average current
—Ai is smaller than the sampled value iy_ayg. In other words,
Sun_1 and Sy, 2 conduct simultaneously near the upper arm
current zero-crossing zone, viz. —Ai < iy_avg < A, hence an
adjustable overlap in their operating range in m = M sin(wt)
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FIGURE 8. Gate signals for IPSDM scheme when S, , and S| , operate at
high-frequency and resulting converter currents.

(where M is the amplitude of the modulation command m) is
enforced (see green and blue shaded area in Fig. 9). However,
as shown in Fig. 9(a), the use of a zero-threshold value is
ineffective to deal with current zero-crossing distortions as
the current ripple near zero-crossings is ignored without the
appropriate current threshold comparison. Furthermore, since
for a MMDBI the current zero-crossing point varies depend-
ing on the circulating current, a suitable current detection
method is required, as it will be discussed in the following
sub-section.

C. DESIGN OF ADJUSTABLE CURRENT THRESHOLD FOR
DISCONTINUOUS MODULATION SCHEMES

Fig. 10 schematically illustrates the proposed adjustable zero-
crossing current threshold circuit, where the sampled value
of arm current is compared to the calculated average current
ripple to generate the enabling signals E; | and E; ». Recall
that for the IPSDM scheme the Aiymax 1 Occurs at the falling
intervals of common-mode and differential-mode currents (as
illustrated in Fig. 8). In addition, Aj, during both falling
and rising periods are identical for the NIPSDM scheme,
therefore the falling interval can be assumed as Aiymax NI
(refer to Fig. 9 for details). Therefore, the maximum arm
current ripples for the IPSDM and NIPSDM schemes can be
calculated as

A—B
) 2-2Uqc + Al 1
Amm1=K4L7é——BGu—5)n (24)
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FIGURE 9. Arm current threshold detection principle at zero crossing points. (a) zero threshold, and (b) adjustable threshold.

Upper arm units

1
1

'

'

H 3

V| have

'

Lower arm units

Comparator

ai fr
s

Hx0)

Calculate | [:
3 Modulation i
signal

Alymax

x0.5

-4i
H
H

Comparator

{1 x(-0.5)

Triangular

Calculate ; i signal

Alpmax

x0.5

.........................

Adjustable Threshold Detection

Circuit

. Ugc + u, 1
Alymax_NI = K——— (312 - _> T (25)

Same analysis can be applied to Aljmax. Gate driver com-
mands to the power switches are then produced by the AND
logic operation between the threshold detection signals and
the bipolar PWM signals (which originate from compari-
son between modulation commands and phase-shifted carrier
signals). Note that the adjustable discontinuous modulation
creates additional switching stages that occur during the short
overlap period of the switching commands. However, as the
strategy produces a minimal overlap period, the duration of
these additional stages is quite short and as such they can be
safely neglected.
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V. SIMULATION INVESTIGATION

The concepts presented in this paper have been extensively
investigated using detailed PSIM switching models, for a
two cells per arm (N = 2) MMDBI with parameters listed
in Table 3.

Two current threshold values, for both IPSDM and
NIPSDM discontinuous modulation schemes, are considered
in the analysis (namely, zero and theoretical), as discussed in
the following sub-sections.

A. RESULTS FOR IPSDM AND NIPSDM SCHEMES WITH
ZERO CURRENT THRESHOLD

simulation waveforms of the proposed MMDBI topol-
ogy operating under IPSDM and NIPSDM discontinuous
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TABLE 3. System parameters of the proposed MMDBI under
discontinuous modulation.

Symbol Quantity Value

Usge dc side power supply 150 v

1o fundamental frequency 50 Hz

fe carrier frequency 10 kHz

M modulation depth 0.8

C dc-link capacitor on each module 940 pF

L, load inductance 5 mH

R, load resistance 8Q,50Q

N number of cells per arm 2

L, Ly mutual and le.akage inductance of 1.9 mH, 0.1 mH
arm coupled inductor

Ry resistance of arm inductor 200 mQ

L, L, phase-leg inductor of each module 0.3 mH

(@)
< 20, ; T 'l T T
ERIEIEN o
“ 3 N
-10] I I I I
0.4 0.42 0.44 0.46 0.48 0.5
(b)
5. % ' ' f f
ER AP o ¥ ? 1\
| AV AR,
— H
E 8 0 1 T [ 1
0.4 0.42 0.44 0.46 0.48 0.5
©
> 200 T T T T
5 Mc\lﬁ,{&/—/\udlgﬁ/—;ﬁ—;—/
S | \—/\/
100 i i i i
0.4 0.42 0.44 0.46 0.48 0.5

(d)

FIGURE 11. Simulation waveforms of MMDBI with zero current threshold
under IPSDM (N = 2, fc = 10kHz, Rg = 82). (a) Output voltage uo and
output current io. (b) Upper arm current iy, lower arm current ij,
common-mode current icm and differential mode current igp,. (c) Dual
buck cell phase-leg currents ij, ; and ij, 5. (d) SM capacitor voltages
Uyl Ucups Uy and ugpy.

modulation schemes with a zero current threshold value are
shown in Fig. 11 and Fig. 12, respectively. from these fig-
ures, arm currents i, and i and their common-mode iy
and differential-mode igy, representations contain undesirable
irregularity, with the dual buck submodule phase-leg inductor
currents i, 1 and ij, » losing their complementarity within a
fundamental cycle. This irregular behavior is likely caused
by the presence of ripple in the arm currents, which causes
multiple zero-crossing events and several comparisons with
the zero-threshold boundary. This leads to submodules capac-
itor voltage unbalance as shown in Figs. 11(d) and 12(d) and
should be avoided for safe operation.
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FIGURE 12. Simulation waveforms of MMDBI with zero current threshold
under NIPSDM (N = 2, fc = 10kHz), Rg = 8. (a) Output voltage uo and
output current io. (b) Upper arm current iy, lower arm current ij,
common-mode current icm and differential mode current igy,. (c) Dual
buck cell phase-leg currents ij, ; and ij_5. (d) SM capacitor voltages
Uyt Ucups Uy and ugp,.
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FIGURE 13. Simulation waveforms of MMDBI with theoretical current
threshold to be 0.17A under IPSDM (N = 2, fc =10kHz, Rz=8%).

(a) Output voltage uo and output current ip. (b) Upper arm current iy,
lower arm current ij, common-mode current icm and differential mode
current igp. (c) Dual buck cell phase-leg currents ij, 1 and ij; 5. (d) SM
capacitor voltages Uy, Ucya, Uy and ugp,.

B. RESULTS FOR IPSDM AND NIPSDM SCHEMES WITH
THEORETICAL CURRENT THRESHOLD

Fig. 13 and Fig. 14 Present waveforms for operation under
IPSDM and NIPSDM schemes with theoretical current
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FIGURE 14. Simulation waveforms of MMDBI with current threshold to
be 0.28A under NIPSDM (N = 2, fc = 10kHz, Rg= 8 ). (a) Output voltage
uo and output current io. (b) Upper arm current iy, lower arm current i,
common-mode current icm and differential mode current igy,. (c) Dual
buck cell phase-leg currents ij, ; and ij,_5. (d) SM capacitor voltages
Uyl Ueups Uy and ugpy.
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FIGURE 15. Experimental setup.

thresholds, calculated from EQNS. (24) and(25), AS 0.17 A
and 0.28 A, respectively. From these plots, The switched
output voltage u, presents five (2N + 1) distinct levels
(—=Uqc, —Uqgc/2, 0, Ugce/2 and Uyg.) for the IPSDM scheme,
and only three voltage levels (—Ujgc, 0, and Uyc) for the
NIPSDM scheme, as expected (see Fig. 13(a) and Fig. 14(a)
for details). Furthermore, the ac-side differential (output)
current gy has a symmetrical sinusoidal shape, free of any
dc offset. From Fig. 13(b) and Fig. 14(b), the ac-side cur-
rent ripples are relatively larger for the NIPSDM scheme
compared to the [IPSDM scheme, and this is in agreement
with the theoretical ripple analysis presented in Section IV.
In addition, the common-mode ripple current for the IPSDM
scheme is larger and contains high-frequency components
due to the variable common-mode voltage. Note that the arm
currents iy and ij have a dc bias, caused by the inherent
circulating current present in MMDBI, which also produces
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FIGURE 16. Steady-state waveforms of system variables for Rg = 50 Q.
(a) operation with ideal current threshold to be 0.44A, (b) operation with
non-ideal current threshold.

an asymmetry in the dual buck cell phase-leg currents ij, i
and ij, >, as shown in Fig. 13(c) and Fig. 14(c).

Careful inspection of the waveforms presented in Fig. 13
and Fig. 14 indicates that the proposed modulation strategy
with adjustable current threshold eliminates the zero-crossing
current distortion by enforcing the combined operation of
both buck cells for an appropriately short time period via
calculation of the maximum arm current ripples in the vicinity
of the current zero-crossing events. Furthermore, when the
theoretical threshold is adopted, the submodule capacitor
voltages under both IPSDM and NIPSDM schemes are well
balanced around 150 V, as can be seen from Figs. 13(d) and
14(d).

VI. EXPERIMENTAL VALIDATION

The adjustable discontinuous modulation scheme proposed
in this work has been validated using the MMDBI laboratory
prototype depicted in Fig. 15, with experimental parameters
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FIGURE 17. Steady-state threshold comparison enabling signals E,;; 1,
Eyy 2. gate signals Syq_1, Sy;_», phase-leg inductor currents ij, 1. ij; >
and terminal output voltage u, ,; of the upper arm submodule u1 when
Rg =8 Q.

4

matching the simulated ones, except for the ac-side load
resistance Rg = {50 €2, 8 2}, which has been chosen to ver-
ify the system performance under different load conditions.
For brevity, only the waveforms for the IPSDM scheme are
provided as an example, with the interleaved angle set as
0 = m/2. Note that as the zero threshold causes irregular
arm currents and unbalanced capacitor voltages (as can be
seen from Fig. 11 and 12), this operating condition could
not be demonstrated experimentally, as it consistently trig-
gered overvoltage hardware protection. Instead, a non-ideal
threshold (between zero and ideal) was adopted to illustrate
the converter performance while achieving stable operation.

A. RESULTS FOR STEADY-STATE OPERATION WITH LOAD
RESISTOR Rg = 502

The adjustable threshold detection scheme uses two thresh-
old detection enabling signals Ej, 1 and Ej, ». These sig-
nals are incorporated into the PWM gate signals Sy; 1 and
Su1_2 that drive the dual buck phase-leg switches in the
upper arm of MMDBI, to achieve a short target overlap
period that effectively mitigates the current zero-crossing
distortion. As depicted in Fig. 16(a), the MMDBI arm cur-
rents i, and i transit smoothly during zero-crossings when
adopting the threshold value calculated as 0.44 A from Eqn.
(24), whereas as shown in Fig. 16(b), a deficient threshold
value causes undesirable threshold comparison away from the
zero-crossing region.

B. RESULTS FOR STEADY-STATE OPERATION WITH LOAD
RESISTOR Rg = 82

This section provides a set of steady-state experimental wave-
forms (see Figs. 17-19) for inverter operation with load resis-
tance Ry of 8 2. The presence of the double line frequency
circulating harmonic components produces a small pulsation
in the arm currents 7, and ij, which can be minimized by
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FIGURE 18. Steady-state waveforms of system variables for Rg = 8 ©.
(a) operation with ideal current threshold (0.36 A), (b) zoom of (a).

incorporating circulating current suppression strategies or
using larger capacitors. Fig. 17 shows the asymmetry of the
submodule u; phase-leg currents i1,; and it » caused by the dc
bias in the MMDBI arm currents #, and 7. This figure also
shows the submodule output voltage u, 1, with two lev-
els, as expected for operation under IPSDM discontinuous
modulation. Fig. 18 shows that when the current threshold
(calculated as 0.36 A) is used, the zero-crossing distortion is
adequately suppressed. In contrast, as shown in Fig. 19(b),
a non-ideal current threshold results in irregularities for both
upper and lower arm currents. However, further investigations
with the use of smaller power factor (and further suppression
of the current ripple) allows the use of a same threshold
width with effective current zero-crossing suppression on
both arms.

C. RESULTS FOR DYNAMIC OPERATION
Fig. 20 provides experimental waveforms that illustrate the
dynamic response of MMDBI system for a load change (from
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FIGURE 19. Steady-state waveforms of system variables for Rg = 8 ©.
(a) operation with non-ideal current threshold, (b) zoom of (a).

light to heavy load), with the modulation strategy imple-
mented according to the scheme depicted in Fig. 10. Note that
the arm currents i, and 7] and the ac-side output current i, and
voltage u, return to a new steady-state condition after a short
transient period.

In addition, Fig. 21 shows the dynamic converter perfor-
mance for a threshold width change from non-ideal to ideal
width. The zoomed view at the bottom of Fig. 21 illustrates
the beneficial effect that an appropriate threshold width has
on the system performance. all in all, these results demon-
strate the fast-dynamic response achieved by the proposed
methodology. The small mismatches between simulation and
experimental waveforms are caused by second-order practi-
cal effects such as IGBT device voltage drops and electro-
magnetic disturbance.

D. FURTHER COMPARISON BETWEEN SIMULATION AND
EXPERIMENTAL RESULTS

Harmonic spectra of the output current and voltage, for con-
verter operation with IPSDM modulation strategy, for both
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FIGURE 20. Dynamic performance when the load resistance changes
from Ry =50 Q to Rg = 8 ©.
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FIGURE 21. Dynamic performance when the current threshold value
changes from non-ideal to ideal.

simulation and experiment, are provided in Fig. 22. Careful
inspection of this figure indicates that the overall results
predicted by simulation are in good agreement with exper-
imental measurements, except for the baseband harmonics,
which are a little larger for the experimental results, and
produce a slightly larger output voltage weighted thd for
experiment (1.11%), compared to simulation (0.75%). This
small mismatch is likely caused by the limited storage capac-
ity of laboratory oscilloscope, which allows data acquisition
of two fundamental cycles only. Also, note the presence of
a small portion of the 20 kHz harmonic components in the
spectra. These harmonics arise from the slight asymmetry
in the PWM signals produced by enabling signals ej,_1 and
€jn_2, which results in partial cancelling of the second carrier
group harmonics [31].
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FIGURE 22. Harmonic spectrums of system output variables under
IPSDM. (a) Simulated output current, (b) experimental output current,
(c) Simulated output voltage, (d) experimental output voltage.

E. EFFICIENCY GAIN OF ADJUSTABLE DISCONTINUOUS
MODULATION

Comparative efficiency curves between continuous modu-
lation and proposed adjustable discontinuous modulation
are depicted in Fig. 23. From these curves, the adjustable
discontinuous modulation substantially improves the sys-
tem efficiency when compared to the continuous modula-
tion approach. Note the efficiencies for both modulation
approaches are relatively low, particularly at lower power
conditions, where the transferred power is a small fraction
of the rated converter capability. Efficiency measurements
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FIGURE 23. Comparative efficiency curve of the MMDBI between
adjustable discontinuous modulation and continuous modulation
schemes.

at higher operating power conditions, which would further
demonstrate the benefit of using the proposed discontinu-
ous modulation approach, cannot be performed at this stage
because of limitations of our laboratory facilities. However,
the efficiency improvement achieved by the adjustable dis-
continuous modulation is quite evident from the curves pro-
vided in Fig. 23.

VII. CONCLUSION

This paper has proposed a novel modular multilevel converter
based on dual buck submodules. Adjustable phase-shifted
IPSDM AND NIPSDM discontinuous modulation schemes
have been introduced, which are characterized by having only
half the switches operating in high-frequency at any given
time, leading to reduced device current stresses on semicon-
ductor switch devices and thus improved overall converter
efficiency.

Fundamental principles and comprehensive analysis of
the converter operating modes and corresponding arm cur-
rent ripples have been provided. From these, an adjustable
current threshold comparison circuit, embedded into the
modulation scheme, has been proposed to mitigate the
MMDBI arm current zero crossing distortion, for both inter-
leaved phase-shifted discontinuous modulation (IPSDM)
and non-interleaved phase-shifted discontinuous modulation
(NIPSDM) schemes.

Simulation and experimental results have demonstrated
that the adjustable threshold detection strategy proposed in
this work, based on the theoretical manipulation of the max-
imum ripple current, is effective in eliminating the current
zero-crossing distortion that is observed when traditional
IPSDM and NIPSDM schemes are adopted for modulating
the MMDBI topology.
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