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Abstract—In nonisolated three-level inverter applications,
common-mode voltage (CMV) and the leakage current resulting
from it will lead to potential safety hazards, and a decrease in system
efficiency. Existing research on carrier-based modulation is gener-
ally featured by the tradeoff between CMV suppression and switch-
ing loss reduction. To address this limitation, an enhanced carrier-
based discontinuous pulsewidth modulation (DPWM) strategy is
proposed for three-level inverters, using the T-type three-level
inverter as an example. The proposed strategy further reduces
the CMV variation within each clamping region of DPWM to
suppress leakage current. On this basis, the sector division is opti-
mized, which introduces a novel clamping mode and incorporates
transition regions to avoid abrupt CMV variation when switching
between clamping regions. Meanwhile, the mechanism by which
the proposed method achieves this suppression is revealed through
a double Fourier decomposition of CMV. Finally, the feasibility
and superiority of the proposed modulation strategy are validated
through experimental results.

Index Terms—Carrier-based discontinuous pulsewidth modu-
lation (DPWM), common-mode voltage (CMV), leakage current
suppression, switching loss, T-type three-level inverter (T2LI).

I. INTRODUCTION

MULTILEVEL inverters are employed to facilitate large-
scale energy consumption while achieving higher power

levels [1], [2], [3]. Three-level inverters demonstrate particular
advantages over traditional two-level designs in medium and
high voltage applications, owing to their reduced output harmon-
ics and enhanced efficiency [4], [5], [6]. Among these, the T-type
three-level inverter (T2LI) is distinguished by its elimination of
additional diode requirements and its balanced switching loss
distribution [7], [8], [9]. In grid systems, nonisolated inverters
are predominantly utilized for distributed energy generation
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because of their compact size, cost-effectiveness, and reduced
losses [10], [11]. However, their inherent leakage currents, re-
sulting from parasitic capacitance loops, adversely affect system
efficiency, accelerate insulation degradation, and pose signifi-
cant safety risks [12], [13], [14]. Furthermore, common-mode
voltage (CMV), as the primary excitation source of leakage
currents, not only compromises motor longevity but also jeopar-
dizes winding insulation integrity [15], [16], [17], necessitating
stringent CMV suppression measures.

Extensive research has been conducted to better suppress
leakage current. The method of improving the topology can sub-
stantially enhance leakage current suppression capabilities [18],
[19], [20], [21]. However, it is accompanied by compromised
system stability, increased power losses and costs, and greater
control complexity. Closed-loop control methods can effectively
suppress leakage current by adjusting small vector duty cycles
[18], [22], [23]. Nevertheless, this approach becomes unstable
under varying operating conditions, resulting in inconsistent
performance. In contrast, the reduction of CMV provides a more
straightforward solution, as it eliminates additional power losses
while simultaneously mitigating both CMV-induced effects and
leakage current damage [24], [25], [26], [27]. Thus, this article
focuses on optimizing CMV suppression for leakage current
reduction.

CMV suppression can be realized by adjusting the mod-
ulation strategy. Two primary modulation strategies are em-
ployed: space vector pulsewidth modulation (SVPWM) and
carrier-based modulation [28]. SVPWM can precisely control
each link of modulation through detailed sector division and
calculation [29], [30], [31], but it requires more extensive com-
putations and exhibits higher control complexity. In contrast,
carrier-based modulation simply requires injection of an appro-
priate zero-sequence voltage into the three-phase modulation
wave, followed by comparison with the carrier wave to generate
switching pulses [32], [33], [34]. Consequently, considering the
convenience of practical engineering applications, this article
concentrates on carrier-based modulation strategies for CMV
suppression.

Currently, the most widely used modulation strategy in the
industry is seven-segment pulsewidth modulation (7S-PWM),
which has 12 switching actions and a CMV variation of Udc/2
in each switching cycle, where Udc denotes the dc-side voltage.
To eliminate leakage current, the zero-leakage current modula-
tion method has been proposed [35]. This approach effectively
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eliminates leakage current by maintaining a constant CMV
while simultaneously balancing the dc-side neutral-point volt-
age (NPV) through transitions between different constant CMV
values. However, the dc voltage utilization of this method is
reduced to 86.6% of 7S-PWM. Furthermore, simultaneous mul-
tiphase switching takes place during state transitions, involving
up to 16 switching actions per cycle, which considerably in-
creases switching losses.

To minimize switching losses, zero-averaged CMV modula-
tion has been implemented to maintain zero average CMV over
each switching cycle, thereby eliminating the third harmonic
component of the leakage current [36], [37], [38]. The addi-
tional switching loss generated during sector switching is also
suppressed by adjusting the carrier wave [39]. Nevertheless, the
dc voltage utilization of this method remains only 86.6% of
7S-PWM. Furthermore, the elimination of the third harmonic
component is relatively ineffective since the primary harmonic
component in the leakage current is at the switching frequency
or its multiples. Additionally, each switching cycle still consists
of 12 switching actions, which is equivalent to 7S-PWM. By
discarding small vectors, the CMV variation is restricted to
±Udc/6 – 0, thereby suppressing leakage current [40]. How-
ever, this method still requires 12 switching operations per
cycle.

Discontinuous pulsewidth modulation (DPWM) ensures that
each phase bridge does not switch over one-third of a funda-
mental cycle, thus reducing the number of switching actions and
improving overall system efficiency[41], [42], [43]. Therefore,
to further reduce system switching losses, a discontinuous pulse
width modulation strategy with reduced CMV (RCMV-DPWM)
was proposed in [44] and [45]. This approach limits the range
of CMV to between -Udc/6 and Udc/6 by discarding switching
vectors with CMV values greater than Udc/6, and reduces the
number of switching actions within a switching cycle to 8 by em-
ploying DPWM. However, this approach still results in a CMV
variation of Udc/3 within one switching cycle, which hinders
further suppression of system leakage current. Moreover, the
primary unresolved issue lies in how further reducing the CMV
variation within a switching cycle contributes to leakage current
suppression. No existing study provides a reasonable physical
explanation or mathematical derivation for this phenomenon.

Aiming at the issue that the existing carrier-based modulation
studies fail to further suppress the leakage current on the basis of
five-segment sequence, this article proposes an enhanced carrier-
based discontinuous pulse width modulation (ECB-DPWM)
strategy for the T2LI, and the contribution can be highlighted
as follows.

The basic idea of the proposed ECB-DPWM strategy is
that the CMV variation within each fundamental cycle is not
constrained any more, meanwhile the CMV variation within
each clamping region is limited to Udc/6 for further suppress-
ing leakage current. To ensure that the CMV variation of all
clamping regions are confined within Udc/6, the sector division
is optimized, and a novel clamping mode is proposed. Further-
more, a transition region is introduced to avoid sudden change in
CMV when shifting between clamping regions. Finally, based
on double Fourier decomposition, CMV harmonics are analyzed

Fig. 1. Typical topology of the grid-tied system based on a T2LI.

TABLE I
RELATIONSHIP BETWEEN SWITCHING STATUS AND BRIDGE STATUS

to fundamentally reveal the mechanism underlying the effective-
ness of the proposed method.

The rest of this article is organized as follows. Section II
outlines the fundamental operating principles of T2LI, and ex-
amines the mechanism underlying leakage current generation.
Section III provides a detailed explanation of the working princi-
ples of the proposed methodology, as well as the implementation
design. Section IV elucidates the fundamental principle of the
proposed method for further suppression of leakage current,
and provides a comprehensive performance comparison with
existing methods. The feasibility of the proposed method and its
superiority over existing methods are experimentally validated
in Section V. Finally, Section VI concludes this article.

II. OPERATING PRINCIPLE OF T2LI AND ITS LEAKAGE

CURRENT ANALYSIS

A. T2LI Topology and Basic Operation Principle

The T2LI is shown in Fig. 1, where Rg and Cpv denote the
parasitic resistance and parasitic capacitance to ground of the dc
source, such as the photovoltaic (PV) panel, respectively, and ilk
is the leakage current. C1 and C2 denote the dc-side equalizing
capacitors, uC1 and uC2 correspond to the voltage values across
C1 and C2. io refers to the neutral-point current, ia, ib, and
ic represent the three-phase inductor currents, Lf is the filter
inductor, and ea, eb, and ec are the three-phase grid voltages.

There are four switching devices in each bridge. The switch-
ing states of S1 and S3 are complementary, as are the switching
states of S2 and S4. To prevent dc-side short-circuit faults, S1
and S4 cannot conduct simultaneously. Therefore, each bridge
has three switch combinations corresponding to bridge states P,
O, and N, as given in Table I.

There are 27 switch combinations for the three-phase bridge,
which correspond to 19 switching vectors in the αβ coordinate
system. These vectors consist of 3 zero vectors, 6 medium
vectors, 6 large vectors, and 12 small vectors. The small vectors
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Fig. 2 Switching vector distribution of three-level inverters.

are further categorized into positive and negative types according
to their effect on the NPV. Fig. 2 illustrates the distribution of
these vectors.

B. Leakage Current Analysis

As illustrated in Fig. 1, there is a leakage current path in the
inverter system. The voltage between the three-phase ac output
and the negative bus on the dc side is⎧⎪⎨

⎪⎩
uaN = Lf

dia
dt + ea + unN

ubN = Lf
dib
dt + eb + unN

ucN = Lf
dic
dt + ec + unN

. (1)

The voltage between the ac-side neutral point n and the dc-side
negative bus N can be expressed as follows:

unN =
1

Cpv

∫
ilkdt+Rgilk. (2)

The relationship between leakage current and three-phase
current can be derived from Fig. 1

ilk = ia + ib + ic. (3)

Define the value of CMV as

ucm =
uaO + ubO + ucO

3
. (4)

Assuming NPV is balanced, the ucm values corresponding to
all vectors can be obtained through (4), as given in Table II.
Equations (1) through (4) can be integrated to obtain

ucm =
Lf

3

dilk

dt
+

1

Cpv

∫
ilkdt+Rgilk − 1

2
Udc. (5)

The equivalent circuit diagram can be obtained by (5) as
shown in Fig. 3.

As illustrated in Fig. 3, when the NPV is balanced, ucm
serves as the sole excitation source in the entire circuit, thus
variations in ucm induce leakage current. As shown in (4) and
Table I, ucm is related to the three-phase output voltage, which

TABLE II
CMV VALUES FOR DIFFERENT SWITCHING VECTORS

Fig. 3. Equivalent circuit of leakage current.

Fig. 4. Switching sequence and variation of ucm in 7S-PWM.

is determined by the bridge status. The bridge status, in turn,
changes with the switching sequence. Since different switching
vectors correspond to different ucm values, when the switching
vector changes, the resulting variations in ucm induce leakage
current. Fig. 4 shows a switching sequence for 7S-PWM, where
uc-up and uc-down represent the upper carrier and lower carrier,
respectively, Sa, Sb and Sc denote the three-phase bridge status,
respectively. As shown in the figure, as the switching vector
changes, the ucm value also varies accordingly, thereby inducing
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Fig. 5. Control block diagram of the carrier-based modulation.

leakage current. Therefore, from the modulation perspective,
leakage current can be effectively suppressed by reducing CMV.

Numerous existing studies have been conducted to reduce the
CMV variation by adjusting the modulation strategy, which in
turn suppresses the leakage current. However, the relationship
between CMV suppression and leakage current reduction is not
purely linear, and current research has failed to provide a reason-
able theoretical explanation for this phenomenon. Fundamen-
tally, the effect of CMV suppression on leakage current should
be analyzed from a harmonic perspective. Through harmonic
analysis of CMV waveforms under different modulation strate-
gies, the harmonic distribution characteristics of leakage current
can be obtained, which fundamentally explains the underlying
mechanism of leakage current suppression.

III. PROPOSED ECB-DPWM STRATEGY

The control block diagram of the carrier-based modulation is
illustrated in Fig. 5, where ua,b,c is the three-phase reference
voltage obtained from current control, umax, umid, and umin de-
note the maximum, intermediate and minimum values of ua,b,c,
respectively, umid-pre is the value of umid from the previous
switching cycle. M represents the system modulation index, as
expressed in (6), Ugm is the grid voltage amplitude

M = Ugm/ (Udc/2) . (6)

The control block diagram is primarily divided into three
functional components. During grid-connected operation, grid-
following control is implemented via phase-locked loop and
current control loop. Simultaneously, a boundary value UB is
established for NPV offset. When an excessive NPV offset
is detected, compensation adjustment is achieved by selecting
the umax clamp in the P state or the umin clamp in the N
state. Otherwise, the control scheme focuses exclusively on
leakage current suppression. The system modulation index and
three-phase voltage are determined to select an appropriate zero

Fig. 6. Small sector division and available sequences corresponding to differ-
ent regions with different modulation strategies in sector Ⅰ. (a) RCMV-DPWM.
(b) ECB-DPWM.

sequence voltage uz, thereby enabling the implementation of a
novel clamping mode, which provides additional suppression of
the leakage current.

A. Principle of Leakage Current Further Suppression

According to the analysis, the variation in the CMV is iden-
tified as the fundamental cause of leakage current generation.
Theoretically, if the CMV variation period is long enough, the
leakage current will oscillate and attenuate to zero before the
next excitation. However, in practice, the CMV varies with
the switching states at a frequency exceeding the switching
frequency, which prevents complete attenuation of the leakage
current before the next CMV excitation. Therefore, from a mod-
ulation perspective, reducing the magnitude of CMV variations
and extending the duration of CMV changes are fundamental
methods for mitigating leakage current.

Taking sector Ⅰ as an example, Fig. 6(a) illustrates the small
sector division and switching sequence selection method in
sector I for RCMV-DPWM. Each region corresponds to a spe-
cific sequence. All sequences adopt a five-segment structure,
while discarding switching vectors with absolute CMV values
exceeding Udc/6, resulting in a total CMV variation of Udc/3
per switching cycle. To simultaneously reduce switching losses,
ECB-DPWM also adopts a five-segment sequence, further re-
ducing the CMV variation to Udc/6 within each switching cy-
cle. Fig. 6(b) presents all six candidate sequences that fulfill
the above requirements. Each sequence corresponds to specific
operational regions, with some regions offering only one viable
sequence while others provide three alternatives.
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Fig. 7. Envelopes of ucm under different modulation strategies within one
fundamental cycle. (a) RCMV-DPWM. (b) ECB-DPWM (M ≤ 2/3). (c) ECB-
DPWM (M > 2/3).

Fig. 8. Revised sector division of ECB-DPWM in sector Ⅰ.

Fig. 7 shows the envelopes of the ucm within one fundamental
cycle for both modulation methods. It can be observed that
RCMV-DPWM limits the CMV variation between -Udc/6 and
Udc/6, while ECB-DPWM does not constrain the CMV variation
within a fundamental cycle. Instead, the CMV variation within
each switching cycle is reduced from Udc/3 to Udc/6, thereby
further suppressing leakage current. Although leakage current
suppression is improved due to the reduced variation of CMV
across all operating conditions, this approach may introduce
harmonic components at twice the switching frequency in the
leakage current. The derivation and verification of these har-
monic components will be presented in the following section.

B. Methodology of ECB-DPWM Implementation

To facilitate the implementation of carrier-based modulation,
a new sectorization mode is proposed in Fig. 8, derived from
the principles illustrated in Fig. 6(b). This approach eliminates
the need for sector division and calculations, requiring only the
determination of the M and the selection of an appropriate uz
injected into the modulation waves. There are three clamping
modes in Fig. 8: BO; AP; and CN. Taking CN as an example,
it indicates that the C-phase bridge state has been kept in the
N state. The complete clamping region distribution of ECB-
DPWM is presented in Fig. 9. When M≤ 2/3, umid is clamped in
the O state. For M > 2/3, umax and umin are alternately clamped

Fig. 9. Distribution of clamping regions in ECB-DPWM.

Fig. 10. Carrier waveforms for different carrier-based modulation modes.
(a) Phase disposition pulsewidth modulation. (b) Phase opposed disposition
pulsewidth modulation.

in the P state and N state with a frequency three times that of the
fundamental frequency.

Once the sequence and clamping modes have been deter-
mined, the appropriate carrier modulation method should be
selected, followed by the injection of a suitable zero sequence
voltage into the three-phase reference voltage. Fig. 10 illustrates
the carrier types for the two different carrier modulation modes,
which are the phase disposition pulsewidth modulation and the
phase opposed disposition pulsewidth modulation (PODPWM).
The complete modulation process of the proposed method is
implemented using PODPWM, with no requirement for carrier
type switching.

It should be noted that when M > 2/3, simultaneous state
switching occurs in two bridge arms during clamping mode
transitions, causing the CMV to fluctuate by up to Udc/3, which
is not conducive to further leakage current suppression. Taking
Sector I as an example, as shown in Fig. 11(a). During clamping
mode transitions, the bridge states of phase A and C change
simultaneously, with ucm switching from -Udc/6 to Udc/6. To
address this issue, a transition region is introduced in Fig. 11(b),
in which uz is not injected during the first switching cycle of the
next clamping mode. This ensures that the switching of bridge
status in phases A and C occurs at different instants, thereby
keeping the CMV variation within Udc/6 and enabling enhanced
leakage current suppression beyond the original level.
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Fig. 11. Design of the clamping-mode switching transition region. (a) Without
transition region. (b) With transition region.

Fig. 12. Selection process of uz.

The precise clamping of different regions is achieved by
injecting uz into the three-phase modulation waves. The design
of uz is illustrated in Fig. 12, where sgn() is the sign function.
When a change in the polarity of umid is detected, it corresponds
to the switching moment of the clamping mode, during which uz
is adjusted to 0 to facilitate a smooth transition of the clamping
mode. When the next switching cycle comes, the polarities of
umid and umid-pre become identical again, and normal clamping
mode operation is restored. It can be noted that uz is only related
to M and the polarity of umid.

ECB-DPWM is achieved simply by changing the uz injected
into the three-phase modulation waves. This essentially alters
the switching sequence and is independent of the topology.
Therefore, the proposed method is applicable to all three-level

TABLE III
HARMONIC DISTRIBUTION COMPARISON OF CMV

topologies such as NPC, ANPC, and CHB. Furthermore, the
approach of suppressing system leakage current by reducing the
CMV variation within a switching cycle can also be extended to
multilevel topologies.

IV. PERFORMANCE ANALYSIS

A. CMV and Leakage Current

To validate the effectiveness of the proposed method, the
CMV harmonic components of both ECB-DPWM and RCMV-
DPWM under various operating conditions were derived using
double Fourier decomposition, as presented in (7) and (8), where
ucmE denotes the harmonic composition of ECB-DPWM; ucmR

denotes the harmonic composition of RCMV-DPWM; ωst is
the switching frequency subharmonic component; ω0t is the
fundamental frequency subharmonic component; m and n are
the harmonic orders of the switching frequency subharmonic
component and the fundamental frequency subharmonic com-
ponent, respectively; and A0n, Amn, B0n, Bm0, Bmn1, Bmn2 are
the amplitude coefficients of different harmonics for different
modulation methods. The expressions of which are shown in
the Appendix. Notably, unlike RCMV-DPWM, the CMV of
ECB-DPWM contains no switching frequency subharmonic
components

ucmE (ωst, ω0t) =
∞∑

n=3,9,15,...

A0n cos (nω0t)

+
∞∑

m=1

∞∑
n=−∞,n=±3,±9,±15,...

Amn cos (mωst+ nω0t) (7)

ucmR (ωst, ω0t) =
∞∑

n=3,9,15,...

B0n cos (nω0t)

+
∞∑

m=1,m=odd

Bm0 cos (mωst)

+

∞∑
m=1,m=even

∞∑
n=−∞,n=±3,±9,±15,...

Bmn1 cos (mωst+ nω0t)

+

∞∑
m=1,m=odd

∞∑
n=−∞,n=±6,±12,±18,...

Bmn2 cos (mωst+ nω0t).

(8)

The specific harmonic distribution of the two modulation
strategies are given in Table III, where Bmn represents the
sum of Bmn1 and Bmn2. By combining (7) and (8), it can be
more clearly observed that, compared with ucmE, ucmR contains
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TABLE IV
SYSTEM PARAMETERS

Fig. 13. Comparison of CMV harmonic distribution between ECB-DPWM
and RCMV-DPWM. (a) M = 0.4. (b) M = 0.8.

odd-order switching frequency harmonic components, which
exert a significant influence on leakage current.

The system parameters given in Table IV are substituted
into (7) and (8) to determine the magnitude and distribution
of each CMV subharmonic for the two modulation methods, as
illustrated in Fig. 13. Based on the equivalent circuit shown in
Fig. 3, the harmonic magnitudes and distributions of the leakage
currents are derived, as shown in Fig. 14.

It is clearly demonstrated that the harmonic components of
the ECB-DPWM are predominantly concentrated in the low-
frequency range, with no spectral content at the switching
frequency or its integer multiples. Due to the substantially
higher associated leakage current loop impedance at these low
frequencies, the resulting leakage currents become negligible.
Conversely, the RCMV-DPWM contains larger harmonic com-
ponents of odd-order switching frequency subharmonics, and
the impedance of the leakage current loop is relatively small,
resulting in significantly higher leakage currents. In summary,

Fig. 14. Comparison of leakage current harmonic distribution between ECB-
DPWM and RCMV-DPWM. (a) M = 0.4. (b) M = 0.8.

Fig. 15. Comparison of CMV and leakage current between ECB-DPWM and
RCMV-DPWM at M = 0.4 and ϕ = 0°. (a) RCMV-DPWM. (b) ECB-DPWM.

the fundamental mechanism enabling ECB-DPWM to achieve
superior leakage current suppression lies in the elimination of
switching frequency subharmonic components in the CMV.

By substituting the system parameters from Table III and
taking M = 0.4 and ϕ = 0° as an example, the ucm and ilk
waveforms of both modulation methods are compared in Fig. 15.
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Fig. 16. RMS comparison of leakage current under different conditions.
(a) ϕ = 0°. (b) ϕ = 60°. (c) ϕ = -60°.

It is evident that during any given switching cycle, the CMV
variation of the ECB-DPWM is limited to Udc/6, whereas the
CMV variation of the RCMV-DPWM is Udc/3. The RMS values
of the leakage current for ECB-DPWM and RCMV-DPWM
are 0.259A and 0.613A, respectively. This indicates that the
proposed method can suppress the leakage current to 42.2%
of that in RCMV-DPWM.

To further validate the superiority of the proposed method
under different operating conditions, the leakage current RMS
values Ilk are compared for varying power factors and mod-
ulation indexes, as illustrated in Fig. 16. The results indicate
that under varying power factors and modulation indexes, ECB-
DPWM exhibits the lowest leakage current, while 7S-PWM
yields the highest leakage current because it lacks suppression
mechanisms.

B. Power Loss

In a nonisolated three-level inverter system, the total sys-
tem loss comprises switching device turn-ON/turn-OFF losses,
parasitic output capacitance losses, gate charge losses, diode
reverse recovery losses, switching device conduction losses, and
inductor losses [46]. Among these components, the modulation
strategy primarily influences the switching device turn-ON/turn-
OFF losses and conduction losses.

Fig. 17 illustrates loss model of the switching device over
one switching cycle, where the power loss PLoss consists of
the switching loss Psw and the conduction loss Pcon. Usw

Fig. 17. Loss modeling of a switching device over one switching cycle.

Fig. 18. Comparison of power losses for different modulation strategies.
(a) Power losses of RCMV-DPWM and ECB-DPWM. (b) Difference in power
losses between RCMV-DPWM and ECB-DPWM.

represents the blocking voltage across the switching device.
Icon and Ucon denote the conducting current and the forward
voltage drop, respectively. ton and toff indicate the turn-ON and
turn-OFF transition times, respectively. Psw-on and Psw-off denote
the turn-ON and turn-OFF switching losses, respectively. Based
on the analysis of Fig. 17, the Psw and Pcon can be derived as
follows:

Psw =
1

6
fsUswIcon(ton + toff) (9)

Pcon = DI2conRDS (10)

where D is the duty cycle of the current switching cycle, and RDS

denotes the ON-state resistance of the switching device. Thus,
the PLoss can be expressed as

PLoss = Psw + Pcon. (11)

As illustrated in Fig. 18(a), the PLoss of ECB-DPWM and
RCMV-DPWM is identical when M ≤ 2/3. This is because both
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Fig. 19. Comparison of THD in grid-connected current under different mod-
ulation strategies.

TABLE V
COMPARISONS AMONG DIFFERENT MODULATION STRATEGIES

modulation strategies employ the same clamping mode in this
region, and the bridges corresponding to the intermediate phase
voltage umid remain in the O state. The only difference is in
the carrier modulation mode. When M > 2/3, ECB-DPWM
exhibits a smaller PLoss, since RCMV-DPWM still has some
areas clamped in the O state when M>2/3. Because S2 and S3 are
MOSFET switches, the O state results in higher conduction losses,
leading to a larger PLoss for RCMV-DPWM. Fig. 18(b) shows
the power loss difference between the two modulation strategies,
where ΔPLoss represents the difference between the power loss
of RCMV-DPWM and ECB-DPWM. Through Fig. 18(b), the
conclusions drawn from Fig. 18(a) can be more intuitively
verified.

C. Waveform Quality

Compared to the 7S-PWM sequence, the five-segment se-
quence exhibits a larger inductance current ripple, resulting in
higher total harmonic distortion (THD) [47]. Compared with
RCMV-DPWM, ECB-DPWM violates the nearest three-vector
(NTV) switching vector selection principle in certain regions
[48], which leads to higher THD.

To ensure a rigorous comparison, the grid-connected current
THD was tested under identical simulation conditions, with
only the modulation strategy varied. The simulation results in
Fig. 19 indicate that 7S-PWM has the smallest THD, whereas
ECB-DPWM exhibits the poorest waveform quality, consistent
with the preceding analysis. Therefore, although ECB-DPWM
can effectively suppress system leakage current, it results in
increased THD in grid-connected current.

Table V gives a comprehensive comparison of performance
metrics across different modulation methods.

V. EXPERIMENTAL RESULTS

To further validate the effectiveness and superiority of the
proposed method, a T2LI experimental platform was constructed
as shown in Fig. 20. The control strategy and modulation
strategy are implemented by TMS320F28377D microcontroller

Fig. 20. Photograph of T2LI experimental platform.

TABLE VI
EXPERIMENTAL PARAMETERS

(TI), while platform protection was realized through an
FPGA chip 10M40SCE144C8G. The switching device is the
MOSFET (IPW60R037CSFD) produced by Infineon, and
the gate driver chip is the single-channel isolated gate
driver (NSI6601C-DSWVR) produced by NOVOSENSE.
In addition, Fig. 20 also gives the circuit design
diagram. Detailed experimental parameters are given
in Table VI.

A. Leakage Current Suppression

Fig. 21 shows the CMV comparison between RCMV-DPWM
and ECB-DPWM under different modulation indexes, where
kRE indicates the modulation strategy switching signal, which
signifies the switching of the modulation method from RCMV-
DPWM to ECB-DPWM when it is switched to 1. Due to a
twofold amplification in the control board circuitry, the wave-
form shows kRE = 2 even though its actual value is 1.

The results demonstrate that ECB-DPWM maintains the
CMV variation within Udc/6 throughout each switching cycle,
regardless of modulation index variations. Meanwhile, as il-
lustrated in Fig. 22, when M > 2/3, the ac current ripple can
be effectively suppressed by introducing a transition region of
one switching cycle during clamping mode switching. Conse-
quently, the leakage current is further reduced from 584 to 507
mA.

Fig. 23 shows the process of adding a transition region during
clamping mode switching. Similar to the kRE, the observed
value of uz appears doubled due to the two-fold amplification
implemented in the control board circuitry. It is evident that uz
remains at 0 during the single switching cycle of the transition



ZHANG et al.: ENHANCED CARRIER-BASED DISCONTINUOUS PWM STRATEGY FOR LEAKAGE CURRENT SUPPRESSION 6883

Fig. 21. Comparison of ucm under different modulation methods.
(a) M = 0.4. (b) M = 1.0.

Fig. 22. Comparison of AC current and ilk with/without transition region
(M = 0.8, ϕ = 60°). (a) Without transition region. (b) With transition
region.

region, thereby facilitating a smooth transition between clamp-
ing modes.

Fig. 24 presents the leakage current characteristics of both
RCMV-DPWM and ECB-DPWM across various modulation
indexes and power factors. The results demonstrate that switch-
ing to ECB-DPWM modulation effectively reduces both the

Fig. 23. Variation of uz during clamping mode transitions. (a) Transition from
N-clamping mode to P-clamping mode. (b) Transition from P-clamping mode
to N-clamping mode.

amplitude and RMS value of leakage current under all tested
operating conditions.

As a further validation, to provide a comprehensive eval-
uation of the proposed method’s superiority, Fig. 25 com-
pares the leakage current RMS values among RCMV-DPWM,
ECB-DPWM, and 7S-PWM at three distinct power factors.
The experimental data reveal that ECB-DPWM achieves the
lowest leakage current RMS values in most operating con-
ditions, confirming its superior leakage current suppression
capability.

B. Comparison of System Efficiency

Given that system efficiency is a critical performance met-
ric in industrial applications and that comprehensive verifi-
cation of the proposed method is desirable, the system ef-
ficiency is also measured using a power analyzer. Fig. 26
presents a comparative analysis of system efficiency among
RCMV-DPWM, ECB-DPWM, and 7S-PWM across three dis-
tinct power factors. The experimental results confirm that both
RCMV-DPWM and ECB-DPWM exhibit higher efficiency than
7S-PWM under all operating conditions. This improvement is
attributed to their five-segment switching sequence, which mini-
mizes switching operations and consequently reduces switching
losses.

Furthermore, ECB-DPWM shows the best system efficiency
under all operating conditions. On the one hand, when M >
2/3, ECB-DPWM has smaller switching losses, thus achieving
better system efficiency. On the other hand, effective suppression
of system leakage current further reduces system losses. Con-
sequently, even when M ≤ 2/3, it continues to achieve superior
system efficiency.

C. Waveform Quality Analysis

Fig. 27 presents a comparison of grid-connected current
THD among ECB-DPWM, RCMV-DPWM, and 7S-PWM un-
der identical test conditions. It can be observed that, owing
to the reduced inductive current ripple of the seven-segment
sequence, the 7S-PWM achieves the lowest grid-connected
current THD. Compared to RCMV-DPWM, ECB-DPWM vi-
olates the NTV principle of switching vector selection in cer-
tain regions, which leads to the largest grid-connected current
THD.
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Fig. 24. Comparison of ilk under different conditions. (a) M = 0.3; ϕ = 0°. (b) M = 0.6; ϕ = 60°. (c) M = 1.1; ϕ = -60°.

Fig. 25. RMS comparison of ilk under different conditions. (a) ϕ = 0°. (b) ϕ = 60°. (c) ϕ = -60°.

Fig. 26. Comparison of system efficiency under different conditions. (a) ϕ = 0°. (b) ϕ = 60°. (c) ϕ = -60°.

Fig. 27. Comparison of THD in grid-connected current under different modulation strategies. (a) ϕ = 0°. (b) ϕ = 60°. (c) ϕ = -60°.

VI. CONCLUSION

This article focuses on the tradeoff between switching loss
reduction and further suppression of leakage current in exist-
ing carrier modulation strategies, and proposes an enhanced
carrier-based DPWM strategy to address these challenges. Fur-
ther suppression of leakage current is achieved by reducing the
CMV variation within each clamping region to Udc/6 and by
introducing a transition region to avoid sudden CMV changes.
Moreover, double Fourier analysis reveals that the proposed

method can further suppress leakage current by effectively elim-
inating the switching frequency subharmonic components in
CMV and leakage current. The experimental results prove that,
compared with existing methods, not only is the system leakage
current reduced under all operating conditions, but the system
efficiency is also improved. Furthermore, analysis indicates that
the proposed method is topology-independent and applicable to
all three-level topologies. Additionally, the approach of reducing
the CMV variation within a switching cycle to suppress system
leakage current can also be generalized to multi-level topologies.
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APPENDIX

The clamping modes vary among different modulation meth-
ods and across various modulation indexes, with corresponding
differences in their double Fourier decomposition expressions.
(A1) and (A2) present the Fourier coefficient expressions for
ECB-DPWM at modulation indexes M ≤ 2/3 and M > 2/3, re-
spectively. (A3) and (A4) provide the corresponding expressions
for RCMV-DPWM under the same modulation index conditions.
The expressions for θ’1 and θ’2 are given in (A5), and the ex-
pression for ξ is presented in (A6), shown at the top of this page.
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