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ABSTRACT The conventional discontinuous pulsewidth modulation (PWM) can provide several advantages
in a direct matrix converter (DMC), such as less switching number and less execution time for modulation
signals’ calculation. However, it suffers from high common-mode voltage (CMV), which may cause damage
to the DMC-based system. This article proposes a novel discontinuous PWM (DPWM) method to not only
mitigate CMV but also further improve the conversion efficiency. In this method, the switching sequence
is obtained in a new way using two medium and two small input line voltages, increasing the conversion
efficiency. Besides, the proposed DPWM employs a rotating vector instead of a zero vector, which causes the
CMV to reduce by 50% compared with the conventional DPWM. Notably, the proposed DPWM provides
the above advantages while maintaining low total harmonic distortion (THD). Simulations and experiments
have been conducted to verify the proposed DPWM method’s effectiveness. The results of these tests support
the claims made in the paper regarding the reduction of CMV, improved efficiency, and low THD.

INDEX TERMS Common-mode voltage (CMV), commutation method, direct matrix converter (DMC),
discontinuous pulsewidth modulation (DPWM)), efficiency.

I. INTRODUCTION

Direct matrix converters (DMCs) can perform direct ac-to-ac
(ac/ac) conversion without requiring energy storage compo-
nents (dc-link capacitors). Since there is no dc link, the DMC
is more compact and has higher power densities than back-to-
back converter [1]. Additionally, DMC can control the input
power factor and provide bidirectional power flow. In fact, this
topology has the capability to achieve a power factor close to
unity, irrespective of the load power factor.

Generally, DMC consists of nine groups of bidirectional
power semiconductor switches, as illustrated in Fig. 1, re-
sulting in 27 viable switching states [2]. These switching
states are classified into three categories, as listed in Table 1.
The first category consists of 18 active vectors, each with a
predetermined angular position corresponding proportionally
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FIGURE 1. DMC topology.

to the phase-to-phase voltage of a single input phase. The
second category consists of three zero vectors, which enable
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TABLE 1 Switching States in Matrix Converter

No. (uvw | V, a, i, B, CMV

+1 [abb | 23V, 0 23, | a6 Vs

-1 |baa | 28V, 0 231, | e %vu

+2 | bece | 23V, 0 231, w2 %ym

-2 | cbhb | -2i3V, 0 213, 2 %V”

+3 | caa | 23V, 0 a3, | 7we %Vab

-3 |acc | 2BV, 0 23, | Tue =R

+4 | bab | 23V, 23n | 2W3i, /6 %vh

-4 |aba | -2/3V, 2/371 2hf3 i, /6 ; Vae

% +5 | cbe | 23V | 23x | 243i, 2 ;Vm

% 5 |beb | 23V | 23n | 2461 | w2 ~Vhe

E +6 | aca | 2/3V, 2131 2431, 76 ;Vab

6 | cac |23V, | o3r |23, | 7ue e

+7 |bba | 23V, | w3z | 2+3i, s ;v“

-7 |aab | 23V. | asn |2 | w6 | GV

+8 [ceb | 23V, | wax |2Bi, | w2 | Ve

-8 [bbec |23V | wan | 2Bi, | w2 Vi

+9 | aac | 2BV, | a3z | 2WBi,| 7we Vs

-9 | cca | -2V, a3n | 2B, | 7k %yﬂ,
g 0, |aaa 0 - 0 - Va
2|0, [bbb| o 0 v,
E 0. | ccc 0 0 - V.
r, |abec Vi a, I B. 0
% r, |ach Vi -, I B, 0
E“ r; |cab v, 2/3m + @, I, -2/3m+ B, 0
g r, | bac Vv, 2/3m - a, I, 2/3n-B, 0
r; | bca V, 20Brs+a| I, 2/3n + B, 0
rs | cha V, -2/3n + q, I, -2/3m-B, 0

freewheeling and lead to zero voltage on the load. The third
category consists of six rotating vectors, where each input
phase is connected to a distinct output phase. Many modu-
lation methods described in the existing literature focus on
using active and zero vectors to generate reference vectors,
disregarding the rotating vectors.

Despite the advantages of DMCs, they still have specific
concerns that need to be addressed, such as the need for
commutation methods and common-mode voltage (CMV) re-
duction methods [3]. The CMV of the 27 switching states for
DMC is shown in Table 1. Accordingly, the high-frequency
change (dVimy/dt) of CMV is unavoidable in DMCs, con-
sidering the high switching frequency. The high-frequency
CMYV increases the effect of the parasitic capacitance between
the wire and the ground and forms a leakage current. The
flow of leakage current may cause the DMC-based system
to be damaged, for example, damaging the motor bearing
and shortening the service life of the motor. Therefore, CMV
concern is of the highest importance, and exploring and
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implementing methods to reduce the CMV associated with
DMC becomes crucial. There are several advanced modula-
tion methods available to reduce the CMV of DMCs. These
methods are categorized into space vector modulation (SVM)
[4], [5], and pulsewidth modulation (PWM) [6]. SVM pro-
vides greater flexibility in designing switching sequences and
a better understanding of the modulation process. However, it
is more complex to implement. In contrast, PWM is easier to
implement SVM in a popular method for reducing the CMV
of DMC [7]. SVM methods can be categorized as indirect
SVM (ISVM) and direct SVM (DSVM). In ISVM, the CMV
peak is reduced to 34% by optimizing zero vectors [8] or
using four active vectors for the desired output voltage [9].
DSVM, known for its direct power conversion and absence
of third-harmonic components [10], is more appealing for
CMV reduction in DMC. Several DSVM techniques have
been developed to limit the CMV peak to 42% by replac-
ing zero vectors with active vectors [11], rotating vectors
[12], or lower input phase-to-phase voltages [13]. In [14],
they used active vectors instead of zero vectors in DSVM
methods due to having a smaller CMV of active vectors
than zero vectors. Although the above methods effectively
reduce the CMYV, they often increase switching losses and
negatively impact the efficiency of the DMC. Additionally,
DSVM methods are usually limited in their voltage transfer
ratio (g, the output voltage amplitude divided by the input
voltage amplitude) or may increase total harmonic distortion
(THD) [15].

On the other hand, some methods based on PWM can be
used to reduce CMV. These PWM methods can be categorized
into continuous PWM (CPWM) and discontinuous PWM
(DPWM). CPWM has better THD but increases the switching
number compared with DPWM. Accordingly, DPWM may be
a better option in DMC applications, as it can reduce switch-
ing losses and lead to higher efficiency [16].

In [17], a CPWM method for mitigating CMV is proposed
using deadtime compensation. Lei et al. [18] discuss a devel-
oped CPWM method with reduced CMYV, limiting the number
of switches during the modulation period. Other methods
based on DPWM for mitigating CMV have also been pro-
posed in [19] and [20]. However, these methods are only for
IMC, not DMC.

In [21], a DPWM for DMC is proposed to achieve a unity
input power factor and less calculation of modulation signals.
Besides, this DPWM effectively lowers switching losses by
reducing the number of switching events, resulting in im-
proved efficiency. In [22], a high-efficiency DPWM method
is proposed by rearranging the switching sequence presented
in [21]. Although the above methods can make practical im-
plementation easier and improve the DMC performance, they
have not paid attention to CMV, which is a crucial reliability
concern for DMC-based systems.

This article proposes a novel DPWM method to not only
mitigate CMV but also further improve the conversion effi-
ciency. The main contributions provided by this method can
be counted as follows.
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1) The proposed method obtained the switching sequence
in a new way using two medium and two small input
line voltages, which increases the conversion efficiency.

2) The proposed method employs a rotating vector instead
of a zero vector, which causes the CMV to be reduced
by 50% compared with the conventional DPWM.

3) While using rotating vectors to achieve lower CMV
increases the proposed method’s complexity relatively,
it is developed through a carrier-based modulation
technique, simplifying practical implementation. This
possibility of carrier-based implementation indicates an
acceptable tradeoff between the benefits of reduced
CMV and the complexity involved in the proposed
method.

4) The proposed method provides the above advantages
while maintaining low THD.

5) The proposed method employs a new hybrid three-step
commutation with the advantages of canceling output
voltage error, making the change of the output current
easy and decreasing the input current’s THD.

The rest of this article is organized as follows. Section II
provides a brief explanation of the principle of the conven-
tional DPWM method and the conversion matrix. Section III
presents the principle of the proposed DPWM method and
the commutation strategy. Section IV focuses on the simula-
tion and experimental verification of the proposed modulation
method. Finally, Section V concludes this article.

Il. DPWM METHODS’ PRINCIPLES AND BACKGROUNDS
In this section, the fundamental principles of the DPWM
method are introduced. Afterward, the two existing DPWM
methods are investigated briefly, considering that the proposed
method of this article will be compared with them.

A. DPWM METHODS’ PRINCIPLES
To better explain the principle of the DPWM, this section
presents the process of generating modulation signals to syn-
thesize output voltages. Noteworthy that the comprehensive
explanation can be found in [21] and [22], while the summary
is presented in the following.

DMC must hold to the specified switching state outlined in
(1) to prevent short circuits at the input and open circuits at
the output

Sau + Shu + Scu =1
Sav + Shu +S80 =1 (D
Saw +Sbw +Sew = 1.

The DPWM method employs four active vectors to gener-
ate the switching sequence. The two largest input line voltages
are used to determine the output line voltages, while a zero-
voltage vector is connected to the output voltages during a
switching cycle. DPWM only requires the calculation of four
modulation signals. The conversion matrix [M] is defined
based on the input voltage and output voltage references,
as explained in the Appendix. It comprises nine modulation
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signals, denoted as m1yy, as shown in the following equation:

Mgy Mgy May
(M] = | mp, mpy Mpy | (2)
Mey My Mey

The DPWM method calculates the modulation signals to
create a conversion matrix [M]. Each column of [M] must
have one modulation signal equal to 1 to prevent short circuits
at the input terminal and open circuits at the output terminal
in DMC. The modulation signal for the process of synthesiz-
ing output line voltage can be obtained from large, medium,
and small input line voltages, and the maximum ¢ for this
method is 0.75. Assuming that the input three-phase voltage
is balanced, the largest and second-largest input line voltages
(Vabs Vpes Vge) are used, and the minimum input line voltage is
replaced by (3). Synthesizing output line voltage V,* is shown
in (4). The modulation signal is proportional to the input line
voltage, with the coefficient represented by (5)—(7)

Ve = — Vap + Vae (3)
Viw* = o1 Vap + 02Vac + aoVo “4)
(Vab - Vbc)vuu*
o1 = 2 2 2 ®)
(Vab + Vbc + Vea )
Ve = Vea)V,
a = ( 2bc c;) uv*2 (6)
(Vab + Vbc + Vca )
ap=1— (] +a2) @)

where a1, a2, and o are the coefficients proportional to the
input line voltage, which must be between 0 and 1. The pro-
cess of generating V¥ is shown in the following equations:

Viw* = b1Vap + b2Vae + boVo (®)
(Vab - Vbc)Vuw*

by = ©)
YT Vi Ve 4 Ved)
Ve = Vea)Vi
) = ( 2bc czl) uw*2 (10)
(Vab + Vo™ + Vea )
bo=1— (b1 +b2). (11)

DPWM needs to allocate intervals based on the input and
output voltage phases. Additionally, to always use the two
largest input line voltages and block (no switching) one output
phase out of the three output phases in the DPWM method,
it is necessary to have a permanent connection between the
absolute greatest input voltage and the absolute greatest out-
put voltage with the same sign as the input voltage. The
input and output intervals need to be defined based on their
respective values. First, the input voltage is divided into six
intervals, and then the reference output voltage is assigned to
each interval (positive and negative), as shown in Figs. 2 and
3, respectively. Nine ranges of combination input and output
intervals can be defined: au, bu, cu, av, bv, cv, aw, bw, and
cw. When the input interval is a+, and the output interval is
u+, or when the input interval is a—, and the output interval
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FIGURE 3. Reference output voltage range allocation.
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FIGURE 4. Schematic diagram of voltage range (final interval).

is u—, it is named interval au. Similarly, other combinations,
such as bu, cu, av, bv, cv, aw, bw, and cw are named based
on their corresponding input and output intervals. Based on
the input and reference output intervals, the final interval for
generating DPWM can be determined by combining the two
ranges, as shown in Fig. 4. The final conversion matrices are
constructed with lines and columns of modulation signals.
After generating modulation signals, one of the output phases
must be fixed to 1, and then the other two in the lines of
[M] are compared with carriers. This is because the control
allocation changes over time based on the interval concept.
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FIGURE 5. Generating switching state in DPWM.

The blocked output phases are chosen based on the greatest
input and output voltages, which vary over time. For instance,
when the interval is au, the value of my, is set to 1, while
my, and my, are set to 0, and the modulation signal au is
calculated, as shown in (12). Likewise, the modulation signals
for other intervals are derived according to the above process,
as explained in [21] and represented in the Appendix

(M] =

=1 —mpy —Mmey Mgy =1 —mpyy — My
(Vah_vbc)vuv*

May =1 myy

= (Vah_vbc)vuw*

m = O m = m = =40 __ogc; UL .

bu bv ‘%‘[;2_,_\%(.2)_‘5\/”2 bw V(a‘;}z+\‘/}u-2)-€Vbc2

m., =0 m., = be—Vea)Vuv'* J77— be —Vea) Vuw*

o VT Vap +HVac® +Vi? T Vap? HVae Ve
(12)

where V> 4 Vj.2 + V.o? is a constant and K represents a
coefficient, which is shown as follows:

K = Vip? + Vo2 + Voo (13)

This DPWM method has the advantage of needing the
calculation of only four modulation signals. The other two
modulation signals can be computed based on the calculated
modulation signals. Due to the similarity between the nine
intervals, the interval au is explained as an example. When
the interval is au, S, is always on, Sp, and S, are always
off. Comparing the modulation signals mpy—_q, and mpy—qy
with the carrier to generate switching signals Sp,_,, and
Shw—au»> and the modulation signals mgy—q, and mey,—q, With
the 180° phase-shifted carrier, switching signals S.,_4, and
Sew—au are generated. The signals Sgy—qy and Sgy—q, are
obtained through logic gate (XNOR) operations. Sp,_g, and
Sev—aus and Spy—qy and Sey—qy, are used to get S,y—qy and
Saw—au» respectively. Accordingly, Fig. 5 shows a comparison
of the modulation signal with the fixed slope of the carrier
and 180° phase-shifted carrier to obtain the switching states
for controlling the switches in the DPWM method.
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TABLE 2 Vector of Each Interval of DPWM Method a—o—o—9 —¢ a a— a
b b b b +— b +—0
au +1,-3,-4,+6,-7,+9 0, AN c c c c c |
\A \A \A \A
v 143, +4, 6, 7,49 0, rLr /] wN\A u w /] w\Au v w v ow
aw -1, 43,44, -6, -7, 49 0 KT, FIGUR_E 8. High-efficiency DPWM vector sequence for half a switching
a cycle (interval au1).
bu -1, 42, +4, -5,+7, -8 0, vy,
bv | +1,-2,-4,45,+7, -8 0, A a a a a a—s
b b b + b +— b
bw | +1,-2,+4,-5,-7,+8 0, n,h c c c I c i c
cu 22,43, +5,-6,+8, -9 0, 7 1 WNA U WNA U wN\Au v w\Au w
cy +2, -3, -5, +6, +8, -9 OC T FIGURE 9. High-efficiency DPWM vector sequence for half a switching
cycle (interval au2).
cw | +2,-3,+5,-6,-8,+9 0, KLt
a a a a a au? since the same line voltages are considered as the two
b b b b b greatest input line voltages in the aforementioned intervals.
c c c c c
LV WA U WNAu v wNAu v w\Au 2) HIGH-EFFICIENCY DPWM

FIGURE 6. Vector sequences of the conventional DPWM in half switching
(interval aut1).

a a a a a
b b b b b
c c c c c
7l WN\A u WNA U WN\A U WN\A U w

FIGURE 7. Vector sequences of the conventional DPWM in half switching
(interval au2).

According to DPWM, nine types of vectors can be used
in each interval. These vectors are selected based on the two
greatest input line voltages and applied accordingly: six ac-
tives, two rotations, and one zero vector. The interval au is
described as the output u-phase that is fixedly connected to
the input a-phase. The vectors used in this interval are the
active (41, =3, —4, +6, —7, +9), the zero vector (0,), and the
rotation (r; and ry) vectors. The vectors used in all intervals
are arranged in Table 2.

B. EXISTING METHODS OF DPWM

1) CONVENTIONAL DPWM

In [21], the DPWM utilizes the four active vectors and one
zero vector to generate switching sequences by switching two
large and two medium input line voltages within half a carrier
cycle. The vector sequence of the DPWM for aul and au2
intervals is displayed in Figs. 6 and 7, respectively, when
half a switching period is considered. The DPWM method,
developed based on the above switching DPWM, is called
conventional DPWM in this article. Note that the vector se-
quences of conventional DPWM, determined based on the two
greatest input line voltages, are the same in intervals aul and
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In [22], the DPWM uses a different switching sequence
than the conventional DPWM in which the switching voltage
changes to two medium and two small input line voltages
to obtain the switching sequences in half a switching cycle.
It employs three active vectors, one zero and one rotation
vector, to achieve high efficiency. The vector sequences used
to generate the switching signals in half a switching cycle for
the intervals aul and au2 are shown in Fig. 8 and Fig. 9,
respectively. The DPWM method, developed based on the
above switching DPWM, is called high-efficiency DPWM in
this article.

Iil. PROPOSED METHOD

This section describes the proposed DPWM, which can reduce
CMYV while keeping the advantage of the conventional and
high-efficiency DPWMs. Besides, it presents the hybrid three-
step commutation strategy employed by the proposed method.

A. PROPOSED DPWM METHOD

The proposed method utilizes the DPWM principle to gen-
erate the modulation signals, as introduced in Section II.
Besides, it employs the same switching sequence as high-
efficiency DPWM (refer to Section II-B2) to achieve high
efficiency and maximize the g. However, the proposed method
employs rotation rather than zero vectors to reduce CMV.
Accordingly, three active vectors and two rotation vectors
are used in the proposed method. This method allows the
extraction of output voltages and input currents proportional
to input voltages, which makes the input power factor unity.
The switching sequence of the proposed method for the half
switching cycle of all intervals is shown in Figs. 10-13.
When the interval is aul, |y is the large line voltage, |veq|
is the medium line voltage, and |vj,| is the small line voltage.
It can be seen from Fig. 10 that the switching voltage of
half switching cycle changes into two medium and two small
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a Upper vector
b
c

a a a a

7l W
b b / Nop b
c c \ /1 c c
7l WN\A 1 w g 7l A u w

c

Lower vector

U w

Vector sequence of the proposed DPWM in half switching
cycle (interval aut).

a
b
Upper vector
c
a a / A ,\a a
b b b
c c \ /c c
vV WNAuvow a vV wWNAu vow
b
c lower vector
1l 7 W

Vector sequence of the proposed DPWM in half switching
cycle (interval au2).

a
b Upper vector
C
a a a a
w
b b / Ny b
c c \ / c c
1 WNAU VW [bz UV OWNAU VW
C lower vector
/] w
(a)
a
b Upper vector
C
a a a a
/] w
b b / N b
c c \ /v c c
1 WNAU VW Z LV OWNAU V)
c lower vector
/] w

(b)

Vector sequence of the proposed DPWM in half switching
cycle. (a) Interval bv1. (b) Interval bv2.

input line voltages. Among them, the maximum CMV peak
generated by the active vector in this interval is %V,-, which
reduces the peak value of the CMV by half.

When the interval is au2, |v.4| is the large line voltage, |vg|
is the medium line voltage, and |vj,| is the small line voltage.
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a t
upper vector
b PP
C
a a a a
U w
b b / N b
c c \ / c c
v wNAu vow 9@ LV WNAU VW
b lower vector
C
Z3 w
(a)
a
b upper vector
C
a a a a
/] w
b b / Ny b
4 c \ / c c
1 \Au v ow g U WA U
C
lower vector
U w

(b)

Vector sequence of the proposed DPWM in half switching
cycle. (a) Interval cw1. (b) Interval cw2.

a a a a a
b— b b b b
c c c c c
/] WN\A W\ u WNA U WNA U w

Vector sequence in half a switch cycle (interval au1).

As can be seen from Fig. 11, the switching voltage of half
a switching cycle changes into two medium and two small
input line voltages. Among them, the maximum CMV peak
generated by the active vector in this interval is %Vi, which
reduces the peak value of the CMV by half.

It can be seen that there are two viable third vectors in
each figure. These two vectors can be obtained by compar-
ing carrier waves and the modulation signals with different
magnitudes. However, both the upper and lower vectors are
consistent with high efficiency and low CMV. Figs. 12 and 13
show the switching sequence for bvl and bv2, and cwl and
cw2, respectively.

Notable the maximum ¢ of the proposed DPWM can reach
‘/75, and the minimum ¢ is % When the ¢ is less than %,
the DPWM must have a zero vector. Consequently, although
the proposed method has high efficiency, it cannot achieve
low CMV when q<%. As the interval aul is illustrated as
an example, the zero vectors Sgy, Sqv, and S,y are turned on
at the same time; at this time, the output u-phase is fixedly
connected to the input a-phase, and S, is always turned on.
To synthesize a lower output voltage, the modulation signal is
compared with the carrier, and S,, and S,,, require a longer
on-time. When the sum of the conduction time of S, and the

conduction time of S,,, exceeds the switching period, there be
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X,y:a, b, c
0:u, v, w

- Sy; SynZ

i =+

Iy
1: ON
1 0: OFF

Outside the threshold - input voltage three-step commutation (including
judging the output current

Within the threshold - output current three-step commutation (including
judging input voltage)

V> 08 i,>0 Ve <0&i,>0  1u<0&i,<0

| Sxot Sxoz2Syo1 Syoz | | Sxot Sxoz Syot Syoz | | Sxot SxozSyot Syoz | | Sxot Sxoz Syot Sye2 |

vy >0&i,<0

Vg >0&i,>0 vy >0&i,<0 vy <0&i,>0 1y, <0&i,<0

‘ Sxo1 Sxo2 Syot Syo2 ‘ [Sxot Sxe2 Syot Sya2 [So1 Sxo2 Syot Syoz ‘Sxol Sxo2 Syo1 Syol‘

X phase

y phase

x phase

y phase

x phase x phase

Caoo Caoo >
@ stepl

step2
@ step3
y phase

y phase

FIGURE 15. Proposed hybrid three-step commutation.

a situation, where Sy, Sqv, and S, are turned on at the same
time, in which a zero vector must be generated, as shown in
Fig. 14.

B. PROPOSED HYBRID THREE-STEP COMMUTATION

The commutation of the DMC is categorized into output cur-
rent, input voltage, and hybrid [23]. Generally, these types
of commutation methods can be implemented in four, two,
or three steps. The input voltage commutation is introduced
based on determining whether the input line voltage is greater
or less than zero. If the voltage sensor cannot accurately judge,
it results in an error that causes a short circuit at the input end
and generates a surge current. Therefore, the threshold is set
near the zero-crossing point of the input line voltage, and the
setting of the threshold value is according to the accuracy of
the voltage sensor.

On the other hand, the output current commutation is intro-
duced based on judging whether the output current is greater
or less than zero. If the current sensor cannot accurately judge,
it causes an open circuit at the output and surge voltage.
Therefore, the threshold is set near the zero-crossing point of
the output current [24]. The conventional hybrid commutation
uses the output current commutation outside the threshold
value, and the input voltage commutation whitens the thresh-
old value. Therefore, there is no commutation within the
output current threshold, which causes a problem with surge
voltage. There is also no commutation within the input voltage
threshold, which causes the issue of adding additional switch-
ing losses or results in modulation results that are different
from expected [24].

Generally, when output current commutation and input
voltage commutation are used, commutation within their
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x phase

y phase

X phase

y phase

X phase x phase

y phase

y phase

threshold should be specifically assessed. Besides, the pro-
posed DPWM method, which minimizes the switching volt-
age change in input voltage commutation, must employ vector
switching of adjacent phase voltages. Therefore, a threshold
must be considered near the zero-crossing point of the input
line voltage. It is noteworthy that adding additional switching
states for commutation increases the number of switching
times within the input voltage threshold, resulting in increased
switching losses and reduced efficiency. On the other hand,
the switching state rearranging in commutation also increases
the switching voltage variation and the switching loss within
the input voltage threshold, causing the modulation to have
a zero vector and making it impossible to achieve a low
CMV. Considering the above challenges in employing the
commutation method, an appropriate one should be selected
to keep the proposed method’s primary advantages. Therefore,
this article uses a three-step commutation of output current
and a three-step commutation of input voltage based on [25]
and [26] to form a hybrid three-step commutation that can
overcome the above challenges. This proposed commutation
method uses input voltage commutation outside the threshold
and the output current commutation within the threshold, as
illustrated in Fig. 15. Notably, the proposed hybrid commu-
tation can provide additional advantages as follows. First, the
output load is easy to change, and as long as the output load
and the output current change, the output current threshold is
changed accordingly. Second, it also makes the output current
smoother or more regular, resulting in a lower THD of the
input current.

IV. SIMULATION AND EXPERIMENTAL RESULTS

This section validates the feasibility of the newly proposed
method and explains the physical prototype of the DMC.
Besides, it analyzes the simulation and experimental results
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FIGURE 16. Simulation results at ¢ = 0.5. (a) Conventional DPWM. (b) High-efficiency DPWM. (c) Proposed DPWM.

to assess the performance of the proposed method. Various
parameters of the test system are listed in Table 3. These pa-
rameters are considered for both the simulation studies and the
experimental setup. fyep is commutation time per step, which
is used in a commutation strategy to prevent commutation
failure [25]. The simulation study is done through the PLECS
simulation.

A. SIMULATION RESULTS

Figs. 16 and 17 show the waveforms of input and output
voltages, three-phase currents, and CMV of the conventional,
high-efficiency, and proposed methods when ¢ is equal to
0.5 and 0.866, respectively. It is verified that a sinusoidal
input and output waveform can be generated by the proposed
DPWM. Furthermore, it can be seen from Fig. 17(c) that
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the peak value of CMV for the proposed DPWM method at
q = 0.866 is reduced by 50% compared with the conventional
and high-efficiency DPWM methods. As shown in Fig. 16(c),
the proposed method cannot achieve low CMV at g = 0.5,
although it has high efficiency. Based on the analysis of the
simulation results, it is observed that the THD of both the
input and output waveforms is reduced using the proposed
method. It can be seen from Fig. 16 that the distortion of the
input phase current waveform is large when ¢ = 0.5. This
behavior is mainly attributed to the presence of low-order
harmonics in the input voltage. In contrast, when analyzing
the input phase current waveform indicated in Fig. 17, it can
be seen that it is relatively sinusoidal and has a slight distor-
tion. In addition, it can be seen from Figs. 16 and 17 that all
methods have canceled the output voltage error.
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FIGURE 17. Simulation results at ¢ = 0.866. (a) Conventional DPWM. (b) High-efficiency DPWM. (c) Proposed DPWM.

B. EXPERIMENTAL VERIFICATIONS

In this part, the practical implementation of the proposed
method is proposed. Additionally, to verify the proposed
method’s efficiency improvement and CMV reduction capa-
bilities, comparisons between the experimental results of the
proposed, conventional, and high-efficiency DPWM methods
are made. Since the proposed method cannot achieve low
CMV at small g values (according to the simulation study),
it is only experimented for g = 0.866.

1) PROPOSED METHOD IMPLEMENTATION

The prototype of the DMC is shown in Fig. 18(a). The
DMC board has been developed using the IGBT switches of
the IKW40N120T2 model. To measure the input voltage and
current, output voltage and current, and CMV waveforms, the
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Teledyne LeCroy Wavesurfer 4024HD oscilloscope was used.
Additionally, to measure the efficiency and THD of input
current and output current, the HIOKI 3390 power analyzer
was used. Modulation methods were implemented employing
the Texas Instruments DSP of the TMS320F28379D model
and the lattice complex programmable logic device (CPLD)
of the LCMX02-7000HE-4TG144C model. Fig. 18(b) shows
the experimental diagram of the DMC, which consists of a
three-phase ac power supply (Chroma 61703), input filter, pri-
mary circuit, output filter, three-phase resistive load, clamping
circuit, and peripherals circuit composition. The input filter
is composed of inductors, capacitors, and damping resistors.
Due to the existing resources in the laboratory, the input fil-
ter is a circuit in which damping resistors and inductors are
connected in parallel. The DMC is composed of 18 IGBT

VOLUME 5, 2024



IEEE Open Journal of the
Industrial Electronics Society

A 2 12 A X 2
Ene R
(dnm +—
Oscilloscope S S 3 S
| Sul
Shu | u
Seu !
IGBT base DMC V. L, - ’ ¥
N R av |
Gate driver v ~ Ly R
DSP+CPLD -t g i Lok
! L
L . Ser | _RoutR
Sensor board Ve [Liy S
. L e
Protection board o |
Sew
Programming [
(code composer studio) Inductive Switching signals
va, vh, ve
Low-pass |
filter ia, ib, ic ia, ib, ic va, vh, ve Sectors Switching
Hall Sensor psp S| crip signals g
iu, iv, iw c\'::l:i"r‘ fu,iv,iw | Poard [ iu v, iw states board
‘ommutation
| ia, ib, ic i
(a) (b)

FIGURE 18. Laboratory setup. (a) Laboratory prototype of the DMC. (b) Experimental platform for DMC.
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FIGURE 19. Control block diagram of the proposed DPWM.

and RC snubber circuits. The output filter consists of induc-
tors. The clamping circuit consists of two sets of three-phase
diode bridge rectifiers, capacitors, and resistors. The periph-
eral circuit includes a hall current sensor, a sensor board, a
Texas Instruments digital signal processor (DSP), a lattice
semiconductor CPLD, a protection board, and a gate driver.
First, the input and output voltage and current are transmitted
to the sensing board to convert into an acceptable value for the
DSP. Then, the values are transformed through a DSP built-
in analog-to-digital converter. The DSP internal calculation
scales the digital value proportionally and is restored to its
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actual size. Then, the partition is performed according to the
selected modulation, and the switching state is calculated. The
modulation signals and the commutation interval signal are
sent to the CPLD through the general-purpose input/output
pins. Besides, the switching states from enhanced pulsewidth
modulation (EPWM) are sent to the CPLD. The CPLD trig-
gers the switching states from the DSP using positive and
negative edges. It combines various modulation signals and
commutation methods to generate the final switching signal.
Once generated, the switching signal is forwarded to the
protection board. The protection board receives input current
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TABLE 3 Simulation and Experimental Parameters

symbol name value | symbol name value
Input voltage 220 load = Outputload = 50Q
Carrier
Input frequency 60Hz 10KHz
frequency

Commutation
Output voltage 190 ime (per step) lus

Input voltage

Output frequency ~ 60Hz threshold 20V
Ir.1put filter 0.65mH Clamp SuF
inductor capacitor
Input ﬁlter 20uF Clamp resistor| 11kQ
capacitor
Passive damping Snubber
resistor 20Q capacitor InF
output filter Snubber
inductor 10mH resistor 20

t ~v~ e e w08
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FIGURE 20. Experimental results of the conventional DPWM method.

(a) Input line voltage and three-phase current. (b) Output line voltage and
three-phase current. (c) CMV.
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TABLE 4 Analysis of the Experimental Results for the Proposed,
High-Efficiency, and Conventional DPWM

Conventional = High-efficiency = Proposed

DPWM DPWM DPWM
Efficiency 91.37% 92.50% 92.98%
_ THD of 2.89% 2.03% 2.89%
nput current
THD of
output 0.75% 0.83% 1.09%
current
CMV (Peak 2463V 233.6V 120.9V
value)
V,(rms) 182.09v 182.49v 183.94 v

values from the sensing board and analyses them to determine
the appropriate action. The protection board decides whether
to transmit the switching signal to the gate driver based on
the analysis. The gate driver converts the voltage level of the
switching signal received from the protection board into the
level that can drive the IGBT to turn on and off. Finally, it
transmits the switching signal to the 18 switches. The control
block diagram for the proposed DPWM and the hybrid three-
step commutation is shown in Fig. 19. Using the control block
diagram, it can be realized how to generate the final switch-
ing signals. The input voltage (v, vp, v.) and the reference
output voltage (v}, vy, vy) are divided into sectors to obtain
final intervals. Then, modulation signals are calculated using
(12) to generate the conversion matrix [M]. The modulation
signals in each interval are compared with the carrier and 180°
phase-shifted carrier, both of which have a 10 kHz frequency,
to generate the switching states (EPWM). The switches are
triggered by positive and negative edges to obtain the switch-
ing states that include deadtime. Then, the switching states are
selected according to each interval signal, and all switching
states are grouped for commutation. Commutation judgment
is performed based on the input voltages (vq, vp, V) and
the output currents (i, iy, iy, ). Finally, the switching state is
switched according to the proposed commutation to generate
the final switching signals.

2) EXPERIMENTAL RESULTS
Figs. 20, 21, and 22 illustrate the experimental waveforms
of input and output line voltage, input and output three-
phase current waveforms, and CMV of the conventional,
high-efficiency, and proposed DPWM, respectively, when
q = 0.866. The summary of experimental results is organized
in Table 4. The results can be investigated in the following
parts.
a) Input and output waveform analysis: It is verified that
both the input and output terminals can produce sinusoidal
voltage and current waveforms at 60 Hz.

It is worth noting that the introduction of the proposed
DPWM method leads to an increase in the THD of the output
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FIGURE 21. Experimental results of high-efficiency DPWM method.
(a) Input line voltage and three-phase current. (b) output line voltage and
three-phase current. (c) CMV.

current compared with the conventional and high-efficiency
DPWM methods. The proposed DPWM method employs
rotating and active vectors to synthesize reference output
voltage. However, the high-efficiency DPWM method also
utilizes zero vectors in addition to the above types of vec-
tors. Accordingly, although the proposed DPWM delivers the
CMYV mitigation advantage by avoiding zero vectors, it in-
creases the differential-mode voltage, causing higher THD
than the high-efficiency DPWM. Generally, there is a tradeoff
between the CMV and differential-mode voltage, so the lower
the CMV, the higher the differential-mode voltage [27]. How-
ever, it verified that the THD of both input and output current
meets the IEEE standards, which proves that harmonic content
specification has a low amount.

Although the proposed method maximizes the actual out-
put voltage (Vp) compared with other methods, the actual
output voltage is still lower than the expected output voltage
(190v;pys). The main reason is the voltage drop across the input
and output filters. Notably, the input power factor was not
precisely unity because of the input filter capacitor.
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FIGURE 22. Experimental results of the proposed DPWM method.
(a) Input line voltage and three-phase current. (b) Output line voltage and
three-phase current. (c) CMV.

b) CMV analysis: It can be seen from Figs. 20(c) and
21(c) that the peak value of CMV for conventional and
high-efficiency DPWM methods is 246.3 V and 233.6 V,
respectively. The peak value of CMV for the proposed
DPWM method is 120.9 V, as shown in Fig. 22(c), which
is decreased by half compared with the conventional and
high-efficiency DPWM methods. Noteworthy that the CMV
peaks of the conventional, high-frequency, and proposed
DPWMs are higher than the expected peak value of the
CMV. This is primarily due to surge voltages caused by
switching actions. In fact, the nonideal characteristics of
switches in a circuit cause to generating voltage spikes dur-
ing the on-and-off periods. Several factors, including switch
parameters and parasitic inductance, influence the ampli-
tude of these voltage spikes. Furthermore, CMV spikes are
generated due to the effect of switching deadtime. The ex-
perimental results indicate voltage spike amplitudes ranging
from approximately 20 to 30 V. However, disregarding these
voltage spikes, the observed peak CMV magnitude in the
experimental results reasonably aligns with the theoretical
predictions.
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c) Efficiency analysis: The efficiency of the proposed
DPWM is 92.98%, which is higher than that of the con-
ventional DPWM (91.37%) and high-efficiency DPWM
(92.50%). Therefore, the proposed DPWM not only effec-
tively suppresses the peak magnitude of CMV but also
increases efficiency by replacing the rotating vector with the
Zero vector.

V. CONCLUSION

In this article, a novel DPWM method, which is based on
a carrier-based principle, is proposed. The objective of this
proposed method is to reduce the CMV while preserving the
advantages of the conventional DPWM, such as high effi-
ciency, unity input power factor, and a large voltage transfer
ratio. Using the proposed method, the CMV value is reduced
by 50% compared with the conventional methods. Besides,
the proposed DPWM method improves efficiency compared
with the conventional DPWM due to its switching sequence.
Although the proposed method slightly increases the output
current THD, it is a small amount, and the THD is within ac-
ceptable IEEE limits. Notably, the proposed method employs
a hybrid three-step commutation, which cancels output volt-
age error to maximize the actual output voltage and reduces
switching losses by minimizing the number of hard switches
and decreasing the input current’s THD.

APPENDIX

This part presents the conversion matrix [M] calculation
method used in the DPWM. Proportional power distribution
can be achieved by ensuring that the input currents are in
phase with their respective input voltages, as shown in (14).
It is important to note that the input reactive power must be
zero to achieve maximum efficiency

lq Van Van
ip | =N | Vpn | = | Von
lc Ucn Ucn

P

A

The matrix converter formulation can be summarized using
two general relationships, (15) and (16). The connection ma-
trix [S] consists of the connection functions (expressed as 1 or
0) S;j, which describe the ideal switch states (on or off) of the
converter. The conversion matrix [M] is defined based on the
input and output voltage references and comprises nine switch
modulation signals m;;. The general matrix is determined us-
ing Kirchhoff’s laws as follows:

Vun Van iq iy
Von | = [S]| vpn [and | ip | = [S1" | iy
Vwn Ucn i Iy
Sau  Sav  Saw
with [S]= | Spu Spw Shw (15)
Seu Scv Sew

When the PWM operates with a modulation period 7" much
lower than the input and output periods (i.e., PWM frequency
is much higher than input and output frequency), the average
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values of the connection functions S;; are equal to the mod-
ulation signals of the conversion matrix [M]. In other words,
<S8;i>T = my;

Vun Van iq iy
Vo | = [M] | vy, [and | i | = [M]" | iy
Vwn Ucn Ie Ly
Mgy Mgy  May
with [M] = | mp, mpy,  mpy (16)
Mey  Mey  Mey

After obtaining the conversion matrix, the modulation sig-
nals of [M] can be calculated in each interval using the
following procedure.

When the interval is bu and the modulation signal my,, is 1,
the modulation signal of the DMC is shown as follows:

(Vea=Vap) Vi _
vah2+vhz‘2+vca2
mpy = 1 — mey — mgy
(Vpe —Vea) Vup *
Uab2+vbc2+vra

m = ea=Vah)Vuw*
aw vab2+vbcz+v<ra
Mpyy = 1 —=Meyy—May| -

m — (Vpe —Vea) Vuw*
cw Uab2+vb52+vca
(17)
When the interval is cu and the modulation signal m,,, is 1,
the modulation signal of the DMC is shown as follows:

My =0 mgy =
Mmpy = 1

me; =0 Mey =

— (Vea=Vgp)Vup* — (Wea—Vgp)Vuw*

May =0 mgy May

K K
_ (Wap—Vpe)Vup* m _ (Vab—Vpe)Vuw*
= TRy = e

Mpy = 0 Mpy

Moy =1 Moy = 1=mgy —mpy Moy = 1 =My —Mpy,
(13)

When the interval is av and the modulation signal m,, is 1,

the modulation signal of the DMC is shown as follows:

May=1—mp, —mey Mgy =1 Mgy = 1—mpy,—Mey
My, = (Uabkabg)vuu* iy = O Mpyy = (vabfvic.)vuw*
v =
Moy = (ch_l}?l)vuv* Moy = 0 Mew = (Vpe —Vea) Vuw *

19)
When the interval is bv and the modulation signal myp,, is 1,
the modulation signal of the DMC is shown as follows:

_ (Vea=Vgp)Vuw*

_ (Vea—vap)Vuv* _
= e Mgy =0 mgy =

May

My = 1—mp, —mey Mpy = 1 —mpy —Mey|

mbv=l

(Vpe —Vea) Vup * — (Upe—Vea)Vuw*
K - K

(20)
When the interval is c¢v and the modulation signal m,,, is 1,
the modulation signal of the DMC is shown as follows:

Mmey = Mey =0 Mgy

Vea—Vab)Vip * Vea —Vab ) Vi *
Moy = (Vea ]:zb) uy Myy = O May = (Wea ]z:b) uw
(Vab—Vpe)Vuv* (Vab—Vpe ) Vuw *
m = m = ————_
bu K My = 0 bw K
Mey = L=May—mpy My =1 My =1 — Mgy — My,

ey
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When the interval is aw and the modulation signal m,, is 1,

the modulation signal of the DMC is shown as follows:
May=1—=Mpy—Mey Mgy =1 —Mpy —Mey Mgy =1
_ (Vab—Vhe)Vuv* —
mpy, = ————— — m =0
bu k Mpy = (Vah—Vpe ) Vuw bw
Moy = (Wbe—Vca)Vuv* Moy = (ch_UIc(a)Uuw* Moy = 0
(22)

When the interval is bw and the modulation signal myp,, is 1,

the modulation signal of the DMC is shown as follows:
Moy = (Vea—Vab)Vuv * Mgy = (Vea—Vap)Vuw* Mgy = 0
My, = 1 —mg—m Mpy = 1
bu au cu My = 1 — Mgy — Mey bw
My = (Vpe —Vea) Vup * Mey = (ch_vlc(a)vuw* Moy = 0
(23)

When the interval is cw and the modulation signal m,,, is 1,

the modulation signal of the DMC is shown as follows:
Moy = (Vea=Vab)Vuv* Mgy = (Vea—Vap) Vuw * Moy = 0
_ (W= V)V * —
mp, = K My = (Vb= Vpe )i * Mpy = 0
Moy = 1 —mgyu—mp, Mey=1—mgy—myp, Mgy, =1
(24)
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