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Abstract—Carrier  overlapping pulsewidth  modulation
(COPWM) is proposed to address the level degradation issue in
carrier-based pulsewidth modulation (CBPWM) at low modulation
index. Due to its unique frequency multiplication band, COPWM
has widespread application in industrial scenarios where long-term
operation at low modulation index is required. Similarly, space
vector pulsewidth modulation (SVPWM) exhibits more switching
states at low modulation index, and the output performance can
be enhanced by increasing the number of modulation segments.
Numerous literature studies have analyzed the equivalence
relationship between CBPWM and SVPWM methods. However,
there is no research on the equivalence relationship between
COPWM and SVPWM methods. Investigating the relationship
between the two methods is beneficial for us to draw upon the
strengths of both modulation techniques and develop more effective
modulation methods. This article analyzes the relationship between
COPWM and SVPWM methods under different modulation index
and overlap ratios. It is concluded that as the modulation index
and overlap ratio increase, the synthesis method of the reference
vector in the equivalent SVPWM method for the COPWM method
tends to become irregular. Subsequently, by adjusting the active
time of redundant states of space vectors, the SVPWM method
achieves output equivalence to the COPWM method. Finally,
experimental results confirm the correctness and effectiveness of
the proposed approach.

Index Terms—Carrier overlapping pulsewidth modulation
(COPWM), equivalence relationship, five-Level NPC-inverter,
space vector pulsewidth modulation (SVPWM).

1. INTRODUCTION

ARRIER-BASED pulsewidth modulation (CBPWM) is
the most widely used modulation strategy in multilevel
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inverters due to its simplicity and ease of implementation. How-
ever, as the number of voltage levels increases, CBPWM suffers
from level degradation at low modulation index [1], [2], [3],
[4], [5]. Switching devices are not fully utilized in this case.
To address this issue, the carrier overlapping PWM (COPWM)
method is proposed. COPWM shares the same advantages as
CBPWM in terms of simplicity and ease of implementation for
high-level inverters. Additionally, COPWM is suitable for in-
dustrial scenarios that require long operation at low modulation
index, profit from its unique frequency multiplication band and
the freedom to utilize both vertical and horizontal dimensions. In
[6], ahybrid COPWM approach is applied to improve waveform
quality at low modulation index in cascaded H-bridge inverters.
In [7], a novel COPWM method specifically designed for fly-
ing capacitor inverters is proposed, which enhances waveform
quality at low modulation index for such inverter configuration.
[8] introduced an innovative COPWM technique enabling the
accurate realization of NP potential control in a four-level neutral
point clamped (NPC) inverter. This new method can achieve
the natural voltage balance of three dc-link capacitors under
ideal and steady states. A COPWM method tailored for NPC
multilevel converters was proposed in [9], facilitating the ef-
fective balancing of dc voltages in these inverters. With this
modulation method, the average values of all the neutral-point
currents are equal to zero in a fundamental period, and therefore,
all the dc-link capacitor voltages can be naturally balanced in the
ideal and steady-state conditions. Wang et al. [10] delved into a
focused examination of five-level NPC inverters and presented a
modulation technique designed to achieve NP potential balance
within these inverters. The concept of addressing dc-side ca-
pacitors’ voltage balance through an approach of outer-to-inner
progression. The top and the bottom dc-link capacitor voltages
are balanced by zero-sequence voltage injection. The two in-
ner capacitor voltages are balanced by adjusting the width of
switching signals. A novel composite modulation technique was
introduced in [11]. For a low modulation index range under 0.5,
phase disposition pulsewidth modulation is utilized and a zero-
sequence voltage injection-based NP voltage balancing method
was proposed in this method. For a high modulation index range
more than 0.5, a decoupled voltage-balancing method based
on COPWM is used. By combining the two modulations and
voltage-balancing methods, the NP voltages can be balanced
under the full modulation index range with reduced switching
losses. In [12], a new four-level ANPC inverter topology is
introduced along with a unique COPWM technique tailored to
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achieve NP potential balance. The upper and lower dc-link ca-
pacitor voltages are balanced by zero-sequence voltage injection
and the central dc-link capacitor voltage is balanced by adjusting
the duty cycles of switching signals slightly.

The SVPWM method exhibits superior modulation perfor-
mance, but it suffers from disadvantages such as complex calcu-
lations, difficult programming, and limited scalability. It is com-
monly applied in inverters with no more than five voltage levels
[13], [14], [15], [16], [17]. Similarly, SVPWM possesses more
switching states at low modulation index, and the output can
be improved by increasing the number of modulation segments
[18], [19], [20]. [21], [22], [23], [24], [25] compares the output
voltage waveform quality of SVPWM and CBPWM methods at
different modulation index. The study reveals that the SVPWM
method achieves significantly lower total harmonic distortion in
the output voltage waveform at low modulation index compared
to the CBPWM method.

Based on the similar application scenarios and comparable
effects mentioned above, it can be inferred that there exists a
certain equivalence between COPWM and SVPWM methods.
However, the current research on equivalence mainly focuses on
the relationship between CBPWM and SVPWM methods [26],
[27],[28], and there is a lack of investigation into the equivalence
relationship between COPWM and SVPWM methods. Explor-
ing the relationship between the two methods is beneficial for
leveraging their advantages and developing superior modulation
techniques.

This article focuses on the widely used five level-NPC inverter
in industrial applications and analyzes the inherent connection
between COPWM and SVPWM methods. The study investi-
gates the influence and characteristics of different overlap ratios
on the equivalent SVPWM method’s vector sequence. Subse-
quently, the SVPWM method is used to achieve the same output
performance as the COPWM method. Finally, experimental
verification of the proposed equivalent method is conducted.

The contributions of this article are given as follows.

1) Investigates the fundamental principles of the COPWM
method and SVPWM method for a five-level diode
clamped inverter.

2) The output sequences of the COPWM method under
different overlap ratios were analyzed, leading to the
identification of a corresponding method for synthesizing
equivalent space vectors. The impact of the overlap ratio
and modulation index on the synthesis of equivalent space
vectors was also analyzed.

3) Proposing an implementation approach to achieve the
equivalent output performance of the COPWM method
using the SVPWM method. Experimental verification is
conducted to validate the correctness and effectiveness of
this approach.

II. CARRIER-OVERLAPPING PWM METHOD

COPWM is a novel PWM method based on two degrees
of freedom, the displacement in the vertical direction and the
horizontal displacement between the carriers of a multilevel
converter.
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Fig. 1.

Nonisolated five-level NPC inverter topology.
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Fig.2. Schematic of the five-level COPWM method. (a) 5-Level Same Direc-
tion Carrier Overlapping Strategy (COPWM-A). (b) 5-Level Opposite Direction
Carrier Overlapping Strategy (COPWM-B). (c) 5-Level Same and Opposite
Direction Carrier Overlapping Strategy (COPWM-C).

For the five-level NPC inverter topology shown in Fig. 1,
COPWM methods are currently classified into three main cat-
egories, and their modulation waveforms are shown in Fig. 2.
From [13] it can be known that the line voltage output from
the COPWM-A modulation method is the best among the three
methods, both in terms of harmonic spectrum and harmonic
content. COPWM-B is the second best and COPWM-C is the
worst. In this article, COPWM-A, which has the best modulation
effect, is chosen as an example to be analyzed and discussed.

Asshownin Fig. 2(a), two neighboring carriers are overlapped
in carrier bands 2—4. COPWM operates on the same principle as
CBPWM, where carriers 1-4 are compared with the modulating
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Fig. 3. Compare of the five-level COPWM and CBPWM.
TABLE I
FIVE LEVEL-NPC INVERTER SWITCHING STATUS
Output On-off state of each Switch State
Voltage Si So Sz Su Sii S S5 Su Si
Uy./2 1 1 1 1 0 0 0 0 4
Us /4 0 1 1 1 1 0 0 0 3
0 0 0 1 1 1 1 0 0 2
-Usl/4 0 0 0 1 1 1 1 0 1
-Us/2 0 0 0 0 1 1 1 1 0

note: i=a,b,c

waveforms to give the switching states of switching tubes 1-4
directly. Define the overlap ratio C as the ratio of the height of
the interleaved band to the height of the carrier

Uband
UCHIT

Among it, Up,ng 1S the height of the overlap band and U,y 1S
the amplitude of the carrier as shown in Fig. 2(a).

As can be seen from the points of intersection of the modu-
lating waveform and the carrier in Fig. 3, the COPWM method
differs from the CBPWM method in that the COPWM method,
because of the existence of the overlapped bands, at lower
modulation index, the modulating waveform intersects with
more than one carrier in a switching cycle, generating multiple
points of intersection, while the CBPWM method will only
intersect with one carrier, generating two points of intersection.
At higher modulation index, the COPWM method is the same
as the CBPWM method in that the modulating waveform will
intersect only one carrier in a switching cycle, producing two
intersections. Thus, for the COPWM method, because of the
presence of carrier overlapping bands, the switching utilization
can be optimized, the switching frequency can be increased, the
output waveform quality can be improved in a low modulation
index, and good harmonic performance can be achieved.

C= x 100%. (1)

III. SPACE VECTOR PWM METHOD

According to the five-level NPC inverter topology in Fig. 1,
the five-level states are defined as 01,23, and 4. Taking phase I (I
= A, B, C) as an example, there are eight switching tubes in this
phase, denoted as S;1, Si2, Sis, Sia, Sii, Sia, Sis, and Sl,.
The switching states of S;; and ng (j = 12,34) are always
reversed. When Sjj is all turned on, this state is defined as S; = 4.
Other states are given in Table I.
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Fig. 4.

Sector I space vector diagram for five-level inverter.

The five-level space vector diagram is shown in Fig. 4, defin-
ing the modulation index of the five-level inverter as
o 3 ‘V;ef |

m= - U 2)

|Viet| is the magnitude of the reference voltage vector
Vier, and 2Uy. /3 is the magnitude of the large vector.

As shown in Fig. 4, the space vector diagram can be divided
into six large triangular regions, respectively, for the I, II, III,
IV, V, and VI sectors. Each large sector contains 16 small
triangles, the first large sector (0°-60°) as an example of a simple
introduction to the synthesis process of the reference vector.

When the reference vector is located in the D; region shown
in Fig. 4, the synthesis process of the reference vector is syn-
thesized by the zero vector Vj and two small vectors V7 and V5
according to

{VrerOXTOﬂLV1><T1+V2><T2 3)
To+Ty+T1To =1Ts

where Vit is the reference vector and Ty, 77 and T3 are the
durations of the vectors Vg, Vi, and V5, in one switching cycle
Ts.

The previous analysis shows that the switching sequence
of the vector modulation output is not unique because some
of the voltage vectors in the five-level space vector diagram
contain redundant switching states. When the reference vector
Vit of the five-level inverter is in sector Dy, Vi is synthesized
from three voltage vectors, Vy, Vi and Vs, V) is a zero vector,
which contains five redundant switching states, V; and V5 are
both small vectors, and both contain 4 redundant switching
states. Switching combinations generally begin and end with
a zero vector. In sector D1, there are a total of 3 vectors and
13 switching states, and by utilizing all the switching states, the
longest output vector switching combination can be obtained,
which can be expressed as: (000) = > (100) = > (110) = >
A1DH=>2IH)=>221)=>222)=>...=> (443) =>
(444). The length of the corresponding SVPWM sequence is 26
segments, and this sequence is called the all-switching sequence.
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Fig.5. [Illustration of reference vector synthesis whenm =0.1. (a) C =33.3%.

(b) C = 83.3%.

In actual applications, a sequence of switch combinations can be
obtained between 8 to 26 segments arbitrarily by selecting only
four or more of these switch states to synthesize the reference
vector according to the modulation requirements.

IV. EQUIVALENT ANALYSIS OF THE SVPWM METHOD AND
COPWM METHOD

A. Division of Space Sectors for New Modulation Strategy and
the Basic Principle of Leakage Current Suppression

Analysis of the reference vector synthesis method for the
five-level COPWM method is discussed for the case where
the reference vector is rotated within the first large sector with
C =83.3%(33.3%) and the modulation index is taken as 0.1, 0.3,
and 0.5. Because the synthesis rule of the vectors is axisymmetric
about the center line (30° line) of the sector I, that is to say,
although the vectors used when the reference vectors are rotated
to 10° and 50° may be different, they have the same synthesis
rule for the reference vectors. Therefore, the analysis of the
reference vector synthesis rule in this section looks at the process
of rotating the reference vector from 0° to 30°.

1) The relationship between the reference vector synthesis

methods of COPWM and SVPWM Methods.

When m = 0.1, the synthesis of the reference vectors at
different operating angles is shown in Fig. 5.

From Fig. 5, it can be observed that when C = 33.3%,
the modulation wave intersects with two carrier waves. The
modulation sequence for half a cycle is (333) = > (332) =
>(322) =>(222)=> (221) = > (211) => (111).

By examining the modulation sequence, it is evident that this
segment contains redundant states for Vj, Vi, and V5, with a
total of 14 modulation segments. When C = 83.3%, the modula-
tion wave intersects with four carrier waves. The corresponding
modulation sequence is (444) = > (443) = > (433) = > (333)
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Fig. 6.  Spatial vector partition of the reference vector rotating to 20° for the
conventional SVPWM method, as well as the COPWM method with C = 33.3%
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(000). From the modulation sequence, it can be observed that
this segment contains all the redundant states for V{y, V7 and V5.
In this case, the modulation consists of a total of 26 segments,
forming a complete modulation sequence.

By comparing the results, it can be observed that as the
overlap ratio increases, the number of modulation segments
increases, leading to an increase in the number of switching
actions. However, the modulation effectiveness improves. From
the modulation sequence, it can be seen that the modulation
sequence of the COPWM method and the conventional SVPWM
method are partitioned as shown in Fig. 6. Both methods utilize
the three nearest vectors to synthesize the reference vector. The
difference lies in the fact that the SVPWM method can achieve
modulation with any number of segments, ranging from § to
26, while the number of modulation segments in COPWM is
influenced by the overlap ratio.

When m = 0.5, the synthesis method of the reference vector
in the COPWM(C = 33.3%) method is the same as the conven-
tional SVPWM method, as depicted in Fig. 8(a).

However, a significant difference arises in the synthesis
method of the reference vector between the COPWM(C =
83.3%) method and the conventional SVPWM method. The
specific modulation sequence is illustrated in Fig. 7. From Fig. 7,
it can be observed that when the reference vector rotates to
10°, it is located near sector D3 in Fig. 3. The COPWM(C =
83.3%) method utilizes eight different vectors for modulation, as
shown in Fig. 8(b). Under the same conditions, the conventional
SVPWM method and the COPWM(C = 33.3%) method employ
the nearest-three-vector modulation approach, as depicted in
Fig. 8(a). However, the conventional SVPWM method allows
for modulation spanning from 8 to 20 segments, while the
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C =33.3%. (b) C = 83.3%.

COPWM(C = 33.3%) method adopts a fixed ten segments
modulation. In this modulation, two redundant states (322) and
(211) of V1, one redundant state (321) of V7, and two redundant
states (422) and (311) of V3 are utilized.

When the reference vector rotates to 20°, the modulation se-
quence employed by the COPWM(C = 83.3%) method utilizes
the surrounding 10 vectors as illustrated in Fig. 9(b). Under
the same conditions, the conventional SVPWM method and the
COPWM(C = 33.3%) method adopt the nearest-three-vector
modulation approach shown in Fig. 8(b). The conventional
SVPWM method, similar to when the reference vector is at 10°,
allows for modulation spanning from 8 to 20 segments.

In contrast, the COPWM(C = 33.3%) method increases the
number of segments to 14 compared to 10°. In this modulation,
two redundant states (322) and (211) of Vj, three redundant
states (432), (321), and (210) of V7, and two redundant states
(422) and (311) of V33 are utilized.

By comparing Fig. 7(a) and (b) and Fig. 8(a) and (b), it is
evident that due to the increase in overlap ratio, the reference
vector synthesis method of the COPWM method transforms
synthesizing the reference vector using the nearest three vectors,
similar to the conventional SVPWM method. Instead, it now
utilizes approximately ten to ten vectors in the vicinity of the
reference vector for synthesis. This clearly demonstrates that an
increase in overlap ratio affects the effective spatial vector syn-
thesis method of the COPWM method. By comparing Fig. 6(b)
and Fig. 9(b), it is evident that with the increase in modulation
index, the reference vector synthesis method of the COPWM
method differs from the reference vector synthesis method of
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Fig. 10. Schematic of the synthesis of the reference vector at m = 0.3.
(a) C =33.3%. (b) C = 83.3%.

the conventional SVPWM method. While the SVPWM method
synthesizes the reference vector by considering the nearest three
vectors, the COPWM method utilizes approximately ten vectors
in the vicinity for reference vector synthesis. This illustrates that
the increase in modulation index also affects the effective spatial
vector synthesis method of the COPWM method. Therefore, the
reference vector synthesis method of the equivalent SVPWM
method for the COPWM method is influenced by both the
modulation index and overlap ratio variables.

2) relationship between the output voltages of COPWM and

SVPWM methods.

As shown in Fig. 10(a), the modulation sequence of the
COPWM(C = 33.3%) method when m = 0.3 is depicted. The
modulation sequence reveals that distinct patterns emerge when
the reference vector is positioned around 10° and 30°.

The modulation sequence when the reference vector is at 10°
is (333) = > (332) = > (322) = > (222) = > (221) = >
(211) = > (111), and when it is at 30°, the modulation sequence
is (333) = > (332) = > (322) = > (222) = > (221) = >
(211) = > (111). The modulation sequence contains redundant
states for Vi, V5, and V7. From the perspective of space vector
modulation, it can be observed that this sequence corresponds
to the D7 sector in the space vector diagram (see Fig. 3). A
comparison in Fig. 11 reveals that the amplitude of the output
voltage modulated by the COPWM method is larger than that
of the conventional SVPWM method.

As stated in [29] and [30], under the same modulation index,
the amplitude of the output voltage is the same for both SVPWM
and CBPWM methods. Therefore, when comparing the relation-
ship between the output voltage amplitudes of the SVPWM and
COPWM methods, it is reasonable to use the output voltage
amplitude of the CBPWM method as a representation of the
output voltage amplitude of the SVPWM method. The schematic
diagram of the output voltage U 4o for the CBPWM method and



7220

3
B /7 \
/ \
/ Du \
Long ___ A
N A
V4 D /7 \
/\ 7 / \
/, D, / Dy \
4 A \\ W4 \
3 Short \ a
Fig. 11.  Comparison of reference vector in Sector D1 and Sector D7.
U CBPWM C=33.3% COPWM
o Ts Ts
<q—-——|

e
Va2 | | | U,(0.3Uy0)

/ —
U2 //\:\/ \'\ t/s
Uy Zlfké‘_/_?k

d —
Vo | | | |
R [ ol -
/4 Ua/4 Ua/4 Uas/4
0 0
0 | | | |
VAT s 1T T T T= s
3TJ10 92| 31410 | 37T120) 23TJ60 | 37Ty12
UdC/Z i 1 1 1 1
Fig. 12.  Schematic diagram of COPWM(C = 33.3%) and CBPWM method

Uaso whenm = 0.3.

the COPWM(C = 33.3%) method when m = 0.3 is shown in
Fig. 12.

As shown in Fig. 11, the amplitude of the output voltage U0
throughout one switching cycle can be obtained through the area
averaging method, as demonstrated in

{CBPWM:2>< 3 x U 40 =03 x Yaxle

10 4

. 37T, , Uy _ 37 UsexTy '
COPWM : 2 x 5= X = 4+ 0 = 155 X %3

Since 0.3 < 37/120, it is evident that the amplitude of the
output voltage is greater in the COPWM(C = 33.3%) method
compared to the CBPWM method, which means it is also greater
than the SVPWM method. Analyzing the impact of varying
overlap ratios on the amplification effect of the output voltage,
it is advisable to employ a similar approach to analyze the
COPWM (C = 83.3%) method, and subsequently compare it
with the COPWM (C = 33.3%) method.

The schematic diagram of the output voltage U for the
CBPWM method and the COPWM (C = 83.3%) method at
m = 0.3 is shown in Fig. 13.

By comparing the output voltages of the CBPWM and
COPWM methods in Fig. 13, the magnitude of the output voltage
U 40 within one switching cycle can be obtained using the area
average method

“

CBPWM :
3T Uge — UaeXTs
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Since 0.3<37/120<9/20, it is easy to deduce that the mag-
nitude of the output voltage under the COPWM(C = 83.3%)
method is larger than that under the CBPWM method. Con-
sequently, it can be inferred that the output voltage magnitude
under the COPWM(C = 83.3%) method is greater than that
under the SVPWM method at the same modulation index. By
comparing (4) and (5), it can be observed that as the overlap ratio
increases, the amplification of the output voltage also increases.
However, upon closer examination of the amplification magni-
tude, it becomes evident that the effect of the overlap ratio on
the amplification of the output voltage magnitude is not linear.
The overlap ratio ranged from 33.3% to 83.3%. However, the
amplification magnitude of the output voltage changed from
1.028 to 1.5.

The schematic diagram of the output voltage U0 for the
CBPWM method and the COPWM(C = 33.3%) method when
m = 0.5 and m = 0.8 is shown in Figs. 14 and 15.

From Fig. 14, it can be seen that the CBPWM peak output
voltage expression and the COPWM peak output voltage ex-
pression are as follows when the modulation index m = 0.5:

{CBPWM i Ty x Y = 0.5 x Yexle
(©)

COPWM : Lo 5 Yo 4 2o 5 oo = T 5 UsxTo

4 12

At this juncture, the peak output voltage of COPWM sur-
passes that of CBPWM by 116.67%. The expressions for the
peak output voltages in CBPWM and COPWM at a modulation
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At this juncture, the peak output voltage of COPWM sur-
passes that of CBPWM by 106.25%. When the overlap ratio  Fig. 19. Voltage level states of the three-phase outputs A, B, and C in the
remains constant, the amplification of the COPWM method’s COPWM (C = 66.7%) method. (a) m = 0.3. (b) m = 0.5. (¢) m = 0.8.
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peak output voltage decreases as the modulation increases.
Notably, when modulation index reaches a value of 1, there is
no amplification effect observed. This characteristic must be
considered during the equivalence analysis.

B. Equivalent Analysis of COPWM Method to SVPWM
Method

After analyzing the modulation sequence using a similar
analysis method as in Section IV-A, it is possible to achieve
the same modulation effect as the COPWM method using the
SVPWM method. This article introduces the method using
C = 66.7% and m = 0.1 as an example. Fig. 16 illustrates the
schematic diagram of the modulation sequence generated by the
COPWM method when the modulation index is 0.1. From the
figure, it can be observed that the modulation sequence for one
switching period is as follows: (433) = > (333) = > (332) =
> (322) = > (222) = > (221) = > (211) = > (111) = >
(110) = > (100). The switching states (433), (322), (211), and
(100) correspond to the four redundant switching states of 1
in the SVPWM space vector diagram, while (333), (222), and
(111) correspond to the three redundant switching states of 1}
in the space vector diagram, and (332), (221), (110) correspond
to the three redundant switching states of V5 in the space vector
diagram.

By arranging the occurrence order of the redundant states of
vectors Vi, Vp, and V, reasonably and assigning equal operating
time to each redundant state as obtained by the COPWM method,
it is possible to achieve the same modulation effect using the
SVPWM method.

Next, the calculation method for the operating time of each
equivalent SVPWM vector and the proportion of redundant
states will be provided.
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Within one switching period, as shown in Fig. 16, the time in-
tervals ¢y ~ tg and ¢y, ~ t9. can be obtained using the principle
of similar triangles, as shown in

tl — t]_* — g><T‘ t2 — t — (Udc/sggca)XTS
dc
t3 =13, = U XT ity =ta = —U‘S}ECT“
Us. /34U, Ts \
t5:t5*:—(“/2+Ud) to = to, = U ls . (8)
Uge /3+U. s
t7 = t7* = —U%?T t8 = t8 = —( a/ +Ud )

_ UyxT,
- tO* - szdCS

U
to = to. = Lrle g =
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The working time of each redundant state for each
vector can be summed up to obtain the duty cycle of
that vector within one switching period. In the equation,
t1, ta, t7, to, t1s, tax, t7«, andtg, represent the working time
for vector V7, ta, t5, ts, tox, t5., and tg, represent the working
time for vector V, and ts, tg, to, t3«, te«, and tg, represent
the working time for vector V5. Therefore, the working times
To, T1, and T, for vectors Vg, V7, and V5 can be obtained as
follows:

Ty =t1 +t1e + 14 +tay + b7 + 7 + 1o + tos
UapxTs Uy xTy UpyxTs\ __ 3UgpxTy
=2x(2x szXdc + zrjdc - 2leJd ) = UbdX

To =to + to, + 15+ tse + tg + tss )
_ (Uae/34Uca)xTs _ (Uac+3Uca)xTs .
=2x 3 X =y = =

dc Udc
Ty =t3 4+ t3. + g + tex + g + tos
_ UpexTs _ 3UpexT
=2x3X %[ZL = bU::

In the conventional SVPWM modulation method, after ob-
taining the working time of each vector within one switching
period, it is customary to use time allocation coefficients to
represent the proportion of each redundant state’s working time
to the total working time of the vector. The working time
of each vector’s redundant state is then expressed by mul-
tiplying the time allocation coefficient by the total working
time of the vector. Let Kq1, Koz, and K3 represent the time
allocation coefficients for the redundant states of vector Vj.
Similarly, K11, K12, K3, and K4 represent the time alloca-
tion coefficients for the redundant states of vector V7, while
Ky, Koy and K3 represent the time allocation coefficients for
the redundant states of vector V5. By combining (8) and (9), the
expression for the time allocation coefficients can be derived as
shown in

Koy = Ko = Koz =

U, _ 1 _
Ky = g5, K2 = Kis = 3, Ky =
Ky = Koy = Koz =

—U,
3Uab :

(10)

By combining the switching sequence in Fig. 13, the working
time of vectors Vj, V7, and V5 as mentioned in (9), and the time
allocation coefficients for each redundant state as expressed in
(10), the correct working time and arrangement of each vector’s
redundant state can be achieved within one cycle. By doing so,
it effectively replicates the output effect of the COPWM method
using the SVPWM method.

V. EXPERIMENTAL VERIFICATION

To validate the accuracy of the proposed content in this article,
an experimental platform was established based on a digital
signal processor (DSP)/field programmable gate array (FPGA)
hardware platform. The experimental setup involved a five-level
NPC inverter with the main circuit topology depicted in Fig. 1.
The control board comprised a DSP (TMS320F28346) from TI
and an FPGA (XC6SLX25) from Xilinx. Since modulation is an
open-loop system, the equivalence relationship can be verified
by observing the PWM output pulses of the controller. The
experimental parameters are given in Table II.

The construction of the experimental setup for the five-level
NPC inverter is illustrated in Fig. 17.
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TABLE II
EXPERIMENT PARAMETERS

Parameters Value

DC Voltage Vdc 100V
Switching Frequency fs 2.4kHz

Load R 10Q

Leg Inductance L1 7mH
Overlap ratio(C) 66.7%

The waveform shown in Fig. 16 represents the experimental
results of the phase A output current in the five-level NPC
inverter for m = 0.3 using the SVPWM method, COPWM (C =
33.3%) method, COPWM (C = 66.7%) method, and COPWM
(C = 83.3%) method. It can be observed from Fig. 18 that,
as the carrier overlapping ratio deepens, the amplitude of the
output current increases under the same modulation index. By
comparing the output current between C = 66.7% and C =
33.3%, as well as between C = 83.3% and C = 66.7%, it is
evident that the amplification effect of the output current is not
linear.

Fig. 19(a), (b), and (c) depicted the voltage level states of
phases A, B, and C, respectively, under the COPWM (C =
66.7%) method for m = 0.1, 0.3, and 0.5.

From Fig. 19(a), it can be observed that when m = 0.3 and
the reference vector is located in the sector I, three vectors
are used for the synthesis of the reference vector within one
switching period. Fig. 19(b) indicates that when m = 0.5 and
the reference vector is between 0° and 15° in the sector I, five
vectors are used for the synthesis of the reference vector within
one switching period, while from 15° to 30°, three vectors are
used. Fig. 19(c) reveals that when m = 0.8 and the reference
vector is between 0° and 7.5° in the sector I, five vectors around
the reference vector are used for vector synthesis. From 7.5°
to 30°, six vectors around the reference vector are used for
the synthesis of the reference vector. Hence, it can be inferred
that as the modulation index increases, the equivalent reference
vector synthesis method of the COPWM (C = 66.7%) method
transitions from the conventional SVPWM’s closest three-vector
synthesis to the synthesis of multiple vectors around the refer-
ence vector, which is different from the conventional SVPWM
method.

Fig. 20(a), (b), and (c) illustrates the voltage level states of
phase A output, s, and S, for modulation indices m = 0.3, 0.5,
and 0.8. Here, s, represents the output voltage level state of
phase A in the COPWM method, while S, represents the output
voltage level state of phase A in the SVPWM method. From the
figures, it can be observed that the voltage level state of phase
A in the equivalent SVPWM method proposed in this article is
identical to that of the COPWM method. This is because the
overlap ratio C is set at 66.7%, ensuring that there is no overlap
between carrier 1 and carrier 4. Consequently, it can be deduced
that a maximum of four distinct voltage levels will occur within
a single switching period.

Fig. 21(a), (b), and (c) depict the comparison be-
tween the driving signals, ¢41(9a 1), 9a2(9a_2); 9a3(ga_3),
and g,4(ga_4), generated by the two modulation methods for
switches Sg1, Sq2, Sa3, and Sgy in Fig. 1, corresponding to
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modulation indices m = 0.3, 0.5, and 0.8. The switch states
Gai(i = 1-4) are generated using the COPWM method, while
ga_i(i=1-4) are generated using the equivalent SVPWM method
proposed in this article.

By comparing the waveforms, it can be observed that the
switch states g,;(i = 1-4) are identical to the switch states,
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Ja_i(i = 1-4). Combining this observation with Fig. 21, it can
be concluded that both methods yield identical output pulses
and exhibit the same output characteristics. This validates the
effectiveness of the proposed equivalent method. Figs. 22, 23,
and 24 illustrate the three-phase current waveforms produced by
both modulation techniques for modulation indices m = 0.3, 0.5,
and 0.8. The three-phase current waveforms generated by both
modulation methods are consistent. In conclusion, the equivalent
strategy proposed in this article is accurate and effective.

VI. CONCLUSION

This article investigates the fundamental principles of the
COPWM method and SVPWM method for a five-level diode-
clamped inverter. Through the investigation, it is revealed that
the synthesis method of the equivalent reference vector in the
COPWM method is influenced by two variables: modulation
index and overlap ratio. As the modulation index increases and
the overlap ratio deepens, the equivalent spatial vector parti-
tion changes from the nearest three-vector synthesis reference
vector, similar to conventional SVPWM, to multiple vectors
surrounding the reference vector, distinct from conventional
SVPWM.

Furthermore, when both COPWM and SVPWM strategies
employ the same modulation index, the line voltage amplitude
produced by the COPWM method is amplified. However, this
amplification is not linear and depends on the overlap ratio and
modulation index.

Finally, the article proposes an implementation approach for
achieving the equivalent effects of the COPWM method using
the SVPWM method. Experimental validation confirms the
correctness and effectiveness of this approach.
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