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Abstract—The paralleled H-bridge multilevel current source
inverter (PHB-MLCSI) is widely used in industry, especially for
high-power and medium-voltage applications. Even so, the risk
of an open-circuit fault (OCF), which is the most common and
destructive failure among all conventional CSIs also jeopardizes the
reliability of the standard PHB-MLCSI. To overcome this major
shortcoming, a new topology called paralleled H-bridge multilevel
switching-cell current source inverter is introduced in this article.
Thus, OCF is no longer an issue in the proposed topology, even if
it occurs frequently or is caused by switch turn ON mismatch/delay
among all complementary switches in every switching cycle. The
phase-shifted pulsewidth modulation (PS-PWM) method is used
to control the proposed topology due to the following two reasons:
1) other PWM schemes, such as level shifted and low/fundamental
frequency or half-cycle PWMs cannot overcome OCF if it occurs
frequently; 2) mismatches in gating signals, tolerance in param-
eters of the input dc smoothing inductors (chokes), and unequal
input dc voltage values are other concerns in the PHB-MLCSI that
may deteriorate the performance of the converter. The PS-PWM
method with redundant switching states is a proper modulation
technique to handle all the aforementioned mismatch issues to an
acceptable level. A variety of experimental tests are conducted to
validate the feasibility of the proposed solution. Finally, a compari-
son is drawn between the proposed circuit and three other existing
MLCSIs, further highlighting its distinctive features.

Index Terms—Current source inverter, multilevel converter,
overlap-time, phase-shifted pulsewidth modulation (PS-PWM),
reliability.

I. INTRODUCTION

MULTILEVEL voltage/current source power converters
are widely used in medium-voltage (MV) and high-

power (HP) applications [1], [2], [3], [4], [5]. Until recently
several multilevel voltage source converters (MLVSCs) includ-
ing cascaded H-bridge (CHB), modular multilevel converter,
neutral-point-clamped (NPC), or diode-clamped, and flying ca-
pacitor (FC) also called capacitor-clamped have been commer-
cialized and used in industry [1]. Using the duality principle,
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the current source version of NPC, FC, and CHB converters
are also derived, named single-rating multilevel current source
inverter (SR-MLCSI) [see Fig. 1(a)], multirating multilevel cur-
rent source inverter (MR-MLCSI) [see Fig. 1(b)] and paralleled
H-bridge multilevel current source inverter (PHB-MLCSI) [see
Fig. 1(c)], respectively [4]. The SR-MLCSI and MR-MLCSI
topologies are not attractive for industrial applications due to
possessing high numbers of inductors in their structures. In
contrast, PHB-MLCSI is widely employed in the industry, es-
pecially for HP applications [3]. As reported in [3] an over-
whelming majority of MLCSCs used in industry are for HP
applications and it is also estimated that at least 700 units of
these converters are being manufactured globally. To obtain such
a large rating power, it is indispensable to configure two or more
CSCs in a parallel manner [3]. This is one of the main reasons
that make the PHB-MLCSI preferable for HP applications as
several identical H-bridge cells can readily be connected in
parallel to increase the output power. Moreover, this modular
feature not only does reduce manufacturing costs but also offers
a quick and easy replacement in case of a fault/damage in each
of these cells [6]. The PHB-MLCSI is also attractive in other
area e.g., grid-connected photovoltaic (PV) applications [7].
Notwithstanding several advantages of the PHB-MLCSI and
other CSIs including voltage boosting capability, immunity to
short-circuit, motor-friendly waveforms to name but a few [3],
[5]; no immense explorations and studies have been conducted to
improve their functionality compared with VS-MLI counterpart.
There exist some obstacles in the PHB-MLCSI and other con-
ventional CSIs, which may adversely affect their performance.

On the one hand, while the PHB-MLCSI and other CSIs are
inherently invulnerable to shoot-through problems, there is a risk
of an open-circuit fault (OCF) that imperils their reliability, even
if a longer overlap-time is introduced among gating signals, and
the potential of this failure is even more severe for MLCs since
they possess many semiconductors devices in their circuits. This
OCF, which may occur due to the presence of electromagnetic
interference (EMI) or gate driver failure, is by far the most
destructive and prevalent fault in CSIs [5]. Unlike VSCs, where
OCF is not hazardous for a short term and can be diagnosed
and mitigated to some extent by control methods, OCF in CSCs
can rapidly damage the power devices/converter (within several
nanoseconds) [8]. Commercially available voltage limiting de-
vices, such as varistors and Zener diodes can be viable options
for protecting CSCs from OCF. However, these remedies neces-
sitate larger devices. In [8], an integration of passive and active
protection solution against OCF was introduced. Nevertheless,
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Fig. 1. (a) SR-MLCSI. (b) MR-MLCSI. (c) PHB-MLCSI. (d) Proposed PHB-MLSC2SI.

this scheme makes the system bulky and complicated. An OCF
diagnosis and fault-tolerant multilevel CSI was proposed in [9];
however, it fails to protect the circuit if more than one power
device encounter OCF.

On the other hand, CSI topologies with separated dc sources
and/or with paralleled input smoothing inductors, such as PHB-
MLCSI face other designing challenges [3]. As input dc smooth-
ing inductors are generally not available off-the-shelf, they need
to be designed and fabricated by the designer/engineer [10].
If not properly designed, a mismatch in parameters value may
make the control and balancing of inductors’ current more
challenging. The uneven value of input dc voltage in separated
dc sources is another issue that may occur in PHB-MLCSI
particularly in PV application due to partial shading [7]. Once
the input voltage/current value of two sources is not identical, the
waveform of the output current is deteriorated. In other words,
not only does the total harmonic distortion (THD) increase
but also the value of output current in positive and negative
cycles may not be the same and symmetrical causing dc current
injection to the load/grid [11]. The third limitation connected

with the PHB-MLCSI is the potential of unbalanced input dc
chokes’ current induced by the time delay between gating sig-
nals, which may degrade the quality of the output waveforms
[3].

To deal with the discussed drawbacks, a novel topology called
paralleled H-bridge multilevel switching-cell current source in-
verter (PHB-MLSC2SI) is proposed in this research. The pro-
posed circuit is immune to OCF even if it occurs frequently
or is caused by switch turn ON mismatch/delay among all
complementary switches in every switching cycle. The solution
presented in this research to mitigate OCF is straightforward
and relies on the switching-cell (SC) concept to safeguard the
proposed topology during such fault conditions, which could
arise from EMI noise, gate driver malfunctions, or pulsewidth
modulation (PWM) issues. The proposed PHB-MLSC2SI is
governed by the phase-shifted PWM (PS-PWM) scheme, which
is a prevalent method in industrial applications. This modula-
tion approach offers sufficient switching states to the proposed
converter. Hence, the proposed converter can endure nonideal
conditions to an acceptable level.
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TABLE I
SWITCHING PATTERN OF THE PROPOSED PHB-MLSC2SI

The rest of this article is organized as follows. The PS-PWM
approach and the operation principle of the proposed circuit
under normal, mismatched, and faulty operating conditions are
elaborated in Section II. This section also covers the design
guidelines. Section III includes simulation and experimental
results, along with a comparison between the proposed and three
conventional MLCSIs. Finally, Section IV concludes this article.

II. PROPOSED PHB-MLSC2SI

By incorporating only four small film capacitors known as
SC capacitors [12], [13], [14] C11, C12, C21, and C22 into
the traditional PHB-MCSI [see Fig. 1(c)] and interchanging
the position of switches and diodes the proposed topology is
derived [see Fig. 1(d)]. The number of power devices between
the proposed circuit and conventional PHB-MLCSI is the same.
The proposed PHB-MLSC2SI, which is a five-level topology
consists of two cells and each cell has four switches connected
in series with diodes.

A. Modulation Strategy

The switching states for the proposed PHB-MLSC2SI are
illustrated in Table I where “0” indicates the OFF state and “1”
represents the ON state of the switches. The switches pair (S11,
S12), and (S13, S14) in the upper (first) cell, and switches pairs
(S21, S22), and (S23, S24) in the lower (second) cell function in a
complementary fashion. In general, the number of total switch-
ing combinations/modes for a multilevel converter is defined as
[15], [16]

NS = 2(n−1) (1)

where NS is the number of switching combinations/modes. For
the proposed topology, which is five-level (n = 5), there are 16
possible combinations/modes. Even so, the applicable combina-
tions/modes are 14. The reason is that some redundant switching

states (e.g., state [S11 S12 S13 S14 S21 S22 S23 S24] = [1 0 1 0 1 0
1 0]) do not have any effective/positive impact on the operation
of the proposed circuit. In addition, some switching states are
not desirable for the converter. For instance, switching state [S11
S12 S13 S14 S21 S22 S23 S24] = [00 00 00 00] creates an OCF
for the converter under normal operating condition. Thus, these
switching states and their complementary state [S11 S12 S13 S14
S21 S22 S23 S24] = [1 1 1 1 1 1 1 1] are avoided in the switching
pattern. The switching combinations demonstrated in Table I
are applied to the proposed inverter using the PS-PWM strategy.
Fig. 2(a) demonstrates the implementation circuit of PS-PWM
for the proposed inverter. Overall, a multilevel converter with n
number of output current/voltage levels needs (n − 1) triangular
carrier waves. Thus, for the proposed topology four carrier
waves are required. In the PS-PWM approach, all the triangular
carrier signals possess identical peak-to-peak magnitude and
frequency. Moreover, there is a phase shift (ϕcr) between any
two neighboring carrier signals, expressed by

ϕcr =
2π

n− 1
. (2)

Hence, the phase difference (displacement) between any two
adjacent carriers’ waves is 90° for the proposed five-level struc-
ture. Fig. 2(b) shows the gate signals of switches together with
the five-level output current generated by the PS-PWM method
for the proposed PHB-MLSC2SI. The zoomed view of regions
I to IV highlighted in gray color in Fig. 2(b) is shown in Fig. 3.
(The numbers 1 to 14 in Fig. 3 are for the operation modes of
the proposed topology which is elaborated on next.)

The frequency modulation index mf for PS-PWM is given by

mf =
fcr

fref
(3)

where fcr is the carrier frequency and fref is for modulating
waves or fundamental frequency. Then, the semiconductor de-
vice switching frequency fsw,dev can be computed by

fsw,dev = fcr = frefmf (4)

The amplitude of the modulation index m; 0 < m ≤ 1 is
expressed as

m =
Wref

Wcr
(5)

in which Wref and Wcr are the peak amplitudes of reference and
carrier signals, respectively.

The peak value of the output voltage Vo is found from

Vo = m HIdc R (6)

in which H is the number of cells and R indicates the resistive
load. As can be observed from Fig. 2(b) (gating signals), all
power switches have the same switching pattern. As the stress
voltage and current on all power devices in the proposed topol-
ogy are equal, the mentioned feature of PS-PWM leads to equal
power loss distribution among power devices.

The working/effective/apparent frequency of inverter (the
output current) fsw,inv is expressed as

fsw,inv = 2Hfsw,dev = (n− 1) fsw,dev. (7)
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Fig. 2. (a) Implementation circuit of PS-PWM for the proposed topology. (b) PS-PWM for generating gate signals in the proposed topology.

Fig. 3. Zoomed view of regions in Fig. 2. (a) Region I. (b) Region II. (c) Region III. (d) Region IV.

As can be seen from Fig. 3, the working frequency of the
inverter current Iinv for the proposed inverter is four times
(n − 1) higher than the switching or carrier frequency. In other
words, all devices are turned OFF and ON or vice versa only one
time in each switching period, whereas the working frequency
of the inverter current is four. This desirable feature allows the
proposed topology to eliminate more harmonics while a low
value of switching frequency helps to decrease the power device
switching losses [16].

Regarding Figs. 2(b) and 3, comparing reference wave (Wref)
with triangular carrier1 (Wcr1) generates the gate signals for
switches S11 and S12. When Wref is compared with Wcr2, the
switches S13 and S14 are driven. The gate signals for the switches
S21 and S22 are created by comparing Wref with Wcr3. Finally,
the gating signals for switches S23 and S24 are generated by
comparing Wref with Wcr4.

B. Operation Principle and Commutation/Transitional
Intervals of the Proposed Inverter Under Normal Functioning
Condition

Since the proposed circuit has a symmetrical structure, its
operation in the positive and negative half cycles is the same.

Hence, only three operation modes (from the positive cy-
cle) out of 14 opted to elaborate herein. Moreover, commu-
tation/transition occurs between two operational states/modes,
during which the inverter current (Iinv) changes from one level
to another. Referring to Fig. 3, there are 22 distinct commuta-
tion intervals within one fundamental period for the proposed
inverter. For the purpose of explaining the operating principle,
two specific commutation intervals are focused: the transition
from Mode 1 to Mode 2 in region I and the transition from Mode
2 to Mode 7 in region II. However, it is important to note that
the same analysis can be applied to the remaining transitional
intervals and operating modes, using Table I, Fig. 3, and [12],
[13], [14], and [17].

Mode 1 [Table I, and Figs. 2, 3(a), and 4(a)]: Wref is greater
than all carrier signals. Therefore, switches S11 and S14 in the
upper cell (cell) are ON, and their complementary switches S12
and S13 are OFF. Similarly, in the lower cell, the switches S21 and
S24 are ON, and their complementary switches S22 and S23 are
OFF. The inverter current is the sum of the Idc1 and Idc2 (Idc1 =
Idc2 = Idc) and equal to 2Idc. SC capacitors C11 and C21, which
are in parallel with the output capacitor Co are charged. This
mode does not have an impact on the charging or discharging of
the SC capacitors C12 and C22. It should be noted that the voltage
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Fig. 4. Operation modes of the proposed topology. (a) Mode 1. (b) Commutation from Mode 1 to Mode 2. (c) Mode 2. (d) Commutation from Mode 2 to Mode
7. (e) Mode 7. (f) Mode 3.

of capacitors C12 and C22 remain at zero level throughout the
positive half cycle.

Commutation from Mode 1 to Mode 2 in Region I [Table I, and
Figs. 2, 3(a), and 4(b)]: The transitional/commutation process
begins by turning ON switch S13, while the remaining switches
maintain their ON/OFF position [see Fig. 4(b)]. In other words,
switches S11, S13, and S14 in the upper cell, along with S21 and
S24 in the bottom cell are ON, while the switches S22 and S23 are
OFF. As soon as S13 is switched ON, diode D14 is reversed-biased
and D13 becomes forward-biased because the voltage of C12

is zero. Then, the current Idc1 shifts from D14 to D13 and
S13. The capacitor C12 is neither charged nor discharged and
remains at zero volt. C12 and D13 appear in parallel and the
voltage across diode D13 is zero volt when it is forward biased.
Both switch pairs (complementary switches) S13 and S14 remain
ON until the commutation/overlap-time is finished. During this
transitional period, the inverter current remains equal to Idc2 =
Idc. C21 continues its charge while C11 and C22 do not experience

the charge or discharge condition. Once the overlap-time is
completed, only switch S14 is turned OFF, and the operational
mode of the proposed inverter transitions from Mode 1 to Mode
2 [see Fig. 4(c)].

Mode 2 [Table I, and Figs. 2, 3(a), and 4(c)]: Wref is greater
than all carrier signals except for Wcr2. Consequently, in the
upper cell, S13 is turned ON and its complementary switch
S14 is turned OFF. The remaining switches do not change their
switching states. In other words, S11, S21, and S24 are ON and
switches S12, S22, and S23 are OFF. The inverter current is equal
to Idc2 = Idc. Only capacitor C21 is charged.

Commutation from Mode 2 to Mode 7 in Region II [Table I,
and Figs. 2, 3(b), and 4(d)]: Before the transition from Mode 2
to Mode 7, switches S11 and S13 in the upper cell, along with
S21 and S24 in the lower cell, are ON, while their complementary
switches, S12, S14, S22, and S23 are OFF [see Fig. 4(c)]. The
commutation interval process begins by turning ON switch S22
in the lower cell, while the remaining switches maintain their
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ON/OFF position [see Fig. 4(d)]. As soon as the S22 is turned ON,
diode D21 becomes reversed-biased. The main current shifts
from S21 to S22 and diode D22. The voltage of C21 is equal to
the output voltage, and a small current flow through the C21,
whereas the load is mainly fed by Co. In this transitional mode,
the inverter current is almost zero. The other SC capacitors do
not experience charge or discharge conditions. Once the overlap-
time is completed, only switch S21 is turned OFF and the proposed
topology transitions into Mode 7.

Mode 7 [Table I, and Figs. 2, 3(b), and 4(e)]: Switches S11,
S13, S22, and S24 are ON, and their complementary switches S12,
S14, S21, and S23 are OFF. The PS-PWM produces zero current
level. This mode does not influence the charging or discharge of
SC capacitors.

C. Operation of the Proposed Inverter Under Mismatch
Functioning Condition

For the mismatch analysis, it is assumed that there is a ±10%
difference in current between the upper and lower cell due to a
mismatch condition. In other words, Idc1 = 1.1Idc and Idc2 =
0.9Idc. Furthermore, because of the symmetry of the suggested
circuit, the impact of mismatch is only detailed in the positive
half cycle. The mismatch condition does not impact the load
current/voltage at the 2Idc and zero levels. For example, in the
normal operating condition of Mode 1 [see Fig. 4(a)], Iinv = Idc1
+ Idc2 = 2Idc. The condition also holds true under mismatch
condition in Mode 1, where Iinv = 1.1Idc1 + 0.9Idc2 = 2Idc.
In Mode 7 [see Fig. 4(e)], the input dc smoothing chocks are
bypassed to create the zero state. As a result, any mismatch on
the dc side in zero state does not have any impact on the load
side. As observed in Fig. 2(b), 60% of inverter/output waveform
is generated by switching between 2Idc and Idc levels, with
2Idc accounting for half of this portion. Similarly, 40% of the
remaining Iinv is generated by switching between Idc and zero
levels, where the zero state contributes 20% of this proportion.
Consequently, it can be concluded that, during the mismatch
condition, 50% of the entire functioning cycle does not affect
the inverter/output current, and the load perceives this mismatch
situation as a normal condition, thanks to the PS-PWM scheme.
Although the Idc level may have some impact on the output
waveforms, its effect is not significant. As shown in Fig. 3(a)
[highlighted in gray], Fig. 4(a) and (c), when the operation state
changes from Mode 1 to Mode 2 under mismatch condition,
the inverter current is reduced from its nominal value of Idc to
0.9Idc (Iinv = Idc2 = 0.9Idc). However, after Mode 2, Mode
1 is repeated, and the current provided to the load is similar
to the normal operating condition (Iinv = 1.1Idc1 + 0.9Idc2 =
2Idc). Despite this, the average current supplied to load, which
is the sum of states 1 and 2, might be slightly lower than its
nominal value. To compensate for this reduction, Mode 3 [see
Figs. 3(a) and 4(f)] is selected to produce surplus current (Iinv =
Idc1 = 1.1Idc). As a result, the average current experienced by
the load after these three switching sequencies (3/fsw) remains
unchanged. Hence, the PS-PWM strategy mitigates the adverse
effects of mismatch conditions on the load side. Although the
input dc smoothing inductors’ currents may exhibit slight devi-
ations from each other under mismatched operating conditions

compared with the perfectly balanced normal condition, these
discrepancies are minimal. They do not result in oversizing of
the chokes or trigger saturation issues that could arise with
unfavorable PWM schemes.

D. Design Guideline

A common approach for designing the input dc smoothing
inductor is to confine its current ripple within 10%–20% of its
rated current

Ldc =
Vin

√
2

4foΔIL
× 0.1 (8)

where Ldc is the inductor value, Vin represents the input voltage,
fo denotes the fundamental frequency, Δ is allowable current
ripple on inductor in percent, and IL or Iin is the input dc/inductor
current.

The output filter capacitor is designed to keep the voltage
ripple of the output voltage less than 5% of its peak value

Cf =
Iin

4× 2HfswΔuCf
. (9)

In (9), ΔuCf represents the maximum allowable voltage fluc-
tuation across the filter capacitor.

The design of SC capacitors is detailed in the next subsection
under faulty operating condition.

E. Selection of SC Capacitors and Operation of the Proposed
Topology Under Faulty Condition

Under healthy/normal operating conditions, the stress voltage
on SC capacitors and power devices is the same and equal to the
peak value of output. In this situation, the root mean square (rms)
value of SC capacitor’s current is defined as [17]

IC11 = IC12 = IC21 = IC22 = IC

=

√√√√ 1

To

[
(πCVo)

2

2To
+ IdcCVo

]
(10)

in which To is the output period. Even so, under OCF functioning
conditions, as illustrated in Fig. 5, the current of SC capacitors
becomes equal to the input dc current, as the fault time induced
by EMI or gate driver error is typically short and cannot change
the value of the input current. During the faulty condition, Idc
charges the SC capacitors, causing an increase in their voltage.
As a result, the SC capacitors should be designed based on the
increase in their voltage during the faulty operating condition
and the fault duration time. Therefore, by assuming that C11 =
C12 = C21 = C22 = C, the capacitance value of SC capacitor
can be computed as

C =
Idc

ΔVC
Δtd (11)

in which ΔVC = ΔVC11 = ΔVC12 = ΔVC21 = ΔVC22 rep-
resents the increase in SC capacitor voltage during the faulty
operating condition, and Δtd is the fault duration time.

The allowable increase in SC capacitor voltage (ΔVC) to
protect the power devices under faulty functioning conditions
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TABLE II
PERFORMANCE SUMMARY OF THE PROPOSED PHB-MLC2SI UNDER OCF ON ALL SWITCHES IN MODE 1

Fig. 5. Operation of the proposed PHB-MLSC2SI under OCF.

can be determined based on the theoretical/actual voltage stress
on the power semiconductor device (VSA), which is equal to Vo

in the proposed topology, and the voltage rating of the selected
device (VSWR) as

ΔVC ≤ VSWR − VSA. (12)

Generally, for safety margin purposes, the voltage rating of
power devices is selected to be VSWR = 150%–180% VSA.
However, it is possible that due to the availability of power
devices in the market, this mentioned margin might be exceeded.
By considering, VSWR = 170%VSA and Vo = VSA ≈ 170 V,
the increase in SC capacitor voltage can be obtained from (12),
which should beΔVC ≤ 120 V. Then, the value of SC capacitors
with Δtd = 2.5 μs (according to the application, switching
frequency, etc.) and Idc1 = Idc2 = Idc = 10 A, can be defined
from (11) as 0.22 μF.

There are 10 different OCF possibilities for each of the 14 op-
eration modes, 24 for each of the 22 commutation/overlap-time
intervals, and one OCF potential affecting all switches at the
same time. Consequently, there are 669 possibilities of OCF in
one fundamental period. Note that, none of these OCFs influence
the functionality of PS-PWM. In other words, PS-PWM operates
independently and does not need to change switching states
under faulty events.

The most extreme faulty condition (OFC on all switches) is
selected for analysis (see Fig. 5). Table II outlines the perfor-
mance of the proposed inverter under OCF on all switches in
Mode 1 and its impact on the voltage of power devices and SC
capacitors. From Fig. 4(a) and Table II, under normal condition,
the voltage stress on S11, S14, S21, and S24 is zero as they are ON,

while the remaining OFF switches experience voltage equal to
Vo. Once OCF occurs on all switches simultaneously, the input
dc current is not interrupted. As seen from Fig. 5, under this
faulty condition, Idc1 flows through D11, D12, D13, D14, C11,
and C12 in the upper cell, while Idc2 flows via D21, D22, D23,
D24, C21, and C22 in the lower cell. In this duration, the output
filter capacitor Co supplies the load. Nevertheless, under this
circumstance, the voltage of SC capacitors is charged by

ΔVC =
Idc

C
Δtd. (13)

During the faulty condition (see Fig. 5 and Table II), VC11 and
VC21 increase from Vo to ΔVC + Vo, and VC12 and VC22 are
increase from 0 to ΔVC. In addition, ΔVC is transferred to the
power devices, causing VS11, VS14, VS21, and VS24 to increase
from 0 to ΔVC, and VS12, VS13, VS22, and VS23 to change from
Vo toΔVC + Vo. However, sinceΔVC was predefined (12) to not
exceed VSWR, no harm jeopardizes the power devices. Hence,
the proposed topology is protected against OCF. On the other
hand, in traditional MLCSIs, even if the OCF occurs on a single
switch for a very short time (nanoseconds), a huge overvoltage
appears on power devices and damages the converter as the
current of input dc current is interrupted.

F. Potential Application of the Proposed Topology

One of the potential applications for the proposed converter
is in three-phase/multiphase MV and HP motor drives with a
back-to-back configuration. In this setup, even if all switches
encounter an OCF, the inductor currents remain connected.
Remarkably, as the number of phases increases, the count of
SC capacitors does not rise, rendering the suggested protec-
tive solution appealing for multiphase motor drives. However,
conventional modulation techniques might not be suitable for
back-to-back setups, warranting the exploration of modified or
new modulation/control strategies.

G. Extension of the Proposed Topology for n Level

Theoretically, MLCs can be extended to any number of levels.
Even so, in practice due to technical limitations, the number of
levels is limited. Fig. 6 shows the configuration of the proposed
inverter for n level. The output current level in the proposed
topology is always an odd number similar to the voltage levels
in the conventional CHB-MLVSI. However, in other MLVSCs,
such as the FC or NPC topologies, the output voltage can be
either an odd or even number. The number of H-bridge cells (H),
input smoothing inductors (NLdc), and input dc sources (NDCS)
for n level version of the proposed topology can be computed as

H = NLdc = NDCS =
n− 1

2
. (14)
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Fig. 6. Configuration of the proposed topology for n level.

The total number of switches and diodes Nsw,diode used in
the n level configuration of the proposed inverter can be found
from

Nsw,diode = 2(n− 1). (15)

The total number of SC capacitors NSC can be calculated as

NSC = n− 1. (16)

III. SIMULATION/EXPERIMENTAL VALIDATION AND

COMPARISON

To justify the feasibility and performance of the pro-
posed solution, a 1.4 kW prototype was built with MOSFETs
IPW60R040C7 in series with diodes APT30D60BG, and SC
capacitors MKS4G032203G in the laboratory, shown in Fig. 7.
The PS-PWM strategy together with the overlap-time and OCF
were programmed in DSP TMS320F28335 using the code com-
poser studio and then generated gating signals transferred to the
gate driver.

In the waveforms, Idc1 and Idc2 represent the current of upper
cell and lower cell inductors’ currents, respectively; io is output
current; vo denotes output voltage; Iinv is inverter’s five-level
current (before filter); VC11 to VC22 demonstrate stress voltages
on SC capacitors C11 to C22, respectively; and finally, VS11 to
VS24 are stress voltages on switches S11 to S24, respectively.
The simulation and experimental specifications are the same as
listed in Table III. It should be noted that all Figs. 8 to 18 are

Fig. 7. Photograph of the prototype.

TABLE III
SIMULATION AND EXPERIMENTAL PARAMETERS

experimental waveforms, except for Figs. 9(e) and (f), and 18,
which depict simulation waveforms.

A. Under Normal Operating Condition

Fig. 8(a) and (b) shows the input dc currents (input inductors’
currents) labeled as Idc1 and Idc2, output current and voltage,
and the five-level current of the proposed inverter at the nominal
operating condition, in which the power factor (PF) is about
0.96 i.e., the load is RL = 10 Ω, 7.5 mH. Although the proposed
inverters’ five-level current is noisy [see Fig. 8(b)], the proposed
topology can provide almost purely sinusoidal voltage and cur-
rent waveforms to the load. Furthermore, the currents of input
inductors (chokes) are perfectly balanced thanks to the PS-PWM
strategy.

B. Under Faulty Operating Condition

1) Occurrence of OCF on All Switches Only Once: The per-
formance of the proposed and traditional PHB-MLCSI topolo-
gies is tested under OCF conditions, named Test #1, and out-
comes are depicted in Fig. 9. To create the OCF, a 2.5 μs
dead-time is introduced among all switching signals. Fig. 9(a)
displays the stress voltage on SC capacitors in the proposed
structure. Initially, the proposed topology operates under normal
operating condition, and the voltage stress on SC capacitors is
equal to the peak value of the output voltage [compare Fig. 8(a)
and vo in Fig. 9(a)]. At 25 ms, the OCF occurs on all switches,
and the SC capacitors are charged through input dc currents
[see Fig. 9(a)] by the value of ΔVC discussed in the previous
section. As can be observed from Fig. 9(b), when OCF occurs
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Fig. 8. Experimental results of the proposed PHB-MLSC2SI under normal operating conditions: input dc currents, output current, output voltage, and the inverter’s
current. (a) and (b) PF = 0.96.

Fig. 9. Experimental results of the proposed PHB-MLSC2SI under faulty condition (Test #1). (a) Stress voltage on SC capacitors. (b) Stress voltage on SC
capacitors together with the input dc inductor currents. (c) and (d) Stress voltage on switches. Simulation results of the conventional PHB-MLCSI: (e) and (f) Stress
voltage on switches.

on all power switches in the proposed circuit, the input dc choke
currents (Idc1 and Idc2) are not interrupted as SC capacitors
(C11, C12, C21, and C22) provide paths for them. Fig. 9(c) and
(d) demonstrates the stress voltage on power switches in the
proposed PHB-MLSC2SI. As seen from these figures, under
the normal operating condition, the power devices withstand the
voltage equal to the peak value of vo as SC capacitors do. As soon
as the fault happens, some extra voltages (spikes) are imposed

on switches. VS11, VS14, VS21, and VS24 are increased from 0 to
ΔVC, and VS12, VS13, VS22, and VS23 from Vo toΔVC + Vo. To
shed further light on the effectiveness of the proposed solution,
the same test is conducted on the traditional PHB-MCSI with
a ten times smaller dead-time (0.25 μs). Since the OCF test
would result in damage to the conventional configuration, this
fault is only studied through simulation in MATLAB/Simulink
environment. Fig. 9(e) and (f) shows the simulation results of
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Fig. 10. Experimental results of the proposed PHB-MLSC2SI under faulty
(Test #2): stress voltage on SC capacitors.

Fig. 11. Experimental results of the proposed PHB-MLSC2SI under faulty
condition (Test #3): stress voltage on SC capacitors.

the traditional PHB-MCSI under the mentioned fault operating
conditions. As can be noticed from these figures, as soon as the
OCF occurs, a huge overvoltage is imposed on all switches. It is
indispensable to mention that the traditional PHB-MCSI will be
drastically damaged even if the OCF occurs on a single switch,
as it would interrupt the current of the input inductor.

2) Frequent Occurrence of OCF on All Switches: To vali-
date the effectiveness of PS-PWM approach for the proposed
converter, the second test (Test #2) is conducted. Fig. 10 illus-
trates the stress voltage on SC capacitors. Initially, the proposed
topology operates under normal conditions. At 50 ms, frequent
OCF occurs on all switches in the proposed circuit, with a
time duration of 1.5 μs, leading to the charge of ΔVC on SC
capacitors. Similar to the previous faulty conditions, these addi-
tional voltages are reflected in the power devices. As observed
from Fig. 10, the proposed converter can effectively handle
this extreme faulty condition. It should be noted that several
other PWM strategies, such as level shifted PWMs [e.g., phase
disposition, alternative phase opposite disposition (POD), and
POD] and low-frequency or half-cycle PWM are also applied to
the proposed topology; however, none of them can handle this
severe faulty condition.

3) OCF Occurrence on All Power Devices Due to Turn on
Delay/Mismatch Among Complementary Switches: In the third
test (Test #3), it is assumed that 0.5 μs is the minimum required
value for overlap-time, and less than this value may cause
OCF due to mismatch/delay in turning ON the complementary
switches. Therefore, a 0.2μs dead-time, instead of overlap-time,
is intentionally inserted among all gating signals in the proposed
converter to create OCF in every switching action. The outcome
of this extreme faulty test is depicted in Figs. 11 and 12. As

observed in these figures, the stress voltage pattern on SC ca-
pacitors and power devices differs from the previously observed
faulty conditions. Switches S11, S13, S21, and S23 closely track
the stress voltage of C11 and C21 while the remaining switches
exhibit different waveforms. Unlike the previous OCF (Tests #1
and #2) conditions, where all SC capacitors and power devices
experience an extra voltage by the value of ΔVC during the
faulty situation, in the mismatch/delay in turning ON fault, only
S12, and S22 experience this value, while the stress voltage on
remaining switches and SC capacitors are almost unaffected.

C. Under Dynamic Operating Condition

The stress on converters induced by transient conditions
(e.g., sudden change in load/PF) influences their reliability as
well [18]. To this end, the dynamic performance of the pro-
posed PHB-MLSC2SI is experimentally tested. According to
Fig. 13(a), the load is suddenly changed from PF = 0.99 (RL =
20 Ω, 7.5 mH) to PF = 0.65 (RL = 20 Ω, 62.5 mH) at around
38 ms and then returns from PF = 0.65 to PF = 0.99 again at
almost 42 ms, as exhibited in Fig. 13(b). From Fig. 13, it can
be observed that the proposed topology responds smoothly and
robustly to this severe change, with the input inductors’ currents
remaining well-balanced.

D. Under Mismatch Operating Condition

1) Input dc Sources Mismatch: Various nonideal operating
conditions are examined for the proposed topology. In the first
test, a deliberate 4% mismatch is introduced between the voltage
values of two input dc sources. In this scenario, the voltage of
the upper input dc source is decreased from 73 to 70 V, while
the voltage of the other source remains at its reference value.
During this mismatched operating condition (see Fig. 14), the
input dc currents deviate from their reference values. Despite the
unbalanced currents in the input dc inductors, no degradation is
observed in the output current and voltage waveforms. Under
this mismatch condition, the current THD (iTHD) is equal to
2.31%.

Although PS-PWM can successfully handle this mismatch
condition, if the difference in input dc voltage is significant
(e.g., in PV applications caused by partial shading), there is a
possibility of waveform deviation and, consequently, an increase
in THD of output waveforms, as Idc will be synthesized by
significantly different Idc1 and Idc2. Thus, additional consider-
ations, such as exploring modified/new PWM/control methods
or utilizing H-bridge cells with unequal dc voltage [16], can be
pursued. This is recommended as future work for the proposed
topology.

2) Input dc Chocks/Inductors Mismatch: Fig. 15 shows the
performance of the proposed topology under input dc chokes
mismatch, where 3 mH is added to the second inductor to create
a 10% difference in inductors’ value (Ldc1 = 26 mH and Ldc2 =
29 mH). Despite the slight deviation in the inductors’ currents
from each other, the output current and voltage waveforms are
not affected. The iTHD is 2.18% under this mismatch operating
condition.
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Fig. 12. Experimental results of the proposed PHB-MLSC2SI under faulty condition (Test #3): stress voltage on switches.

Fig. 13. Experimental results of the proposed PHB-MLSC2SI under dynamic performance: input dc currents, output current, and output voltage. (a) From PF =
0.99 to PF = 0.65. (b) From PF = 0.65 to PF = 0.99.

Fig. 14. Experimental results of the proposed PHB-MLSC2SI under input DC
sources mismatch: input DC currents, output current, and output voltage.

Fig. 15. Experimental results of the proposed PHB-MLSC2SI under input DC
inductors mismatch: input DC currents, output current, and output voltage.

3) Overlap-Time Mismatch: Fig. 16 depicts the waveforms
of the proposed inverter, in which the value of overlap-time in
switches S11, S12, S23, and S24 is increased twenty times (δ =
6 μs), while overlap-time in switches S13, S14, S21, and S22 is
kept at δ = 0.3 μs to make the effect of this mismatch condition

Fig. 16. Experimental results of the proposed PHB-MLSC2SI under overlap-
time -mismatch: input DC currents, output current, and output voltage.

visible. As the value of overlap-time among switches is extreme
(twenty times), the input dc currents fail to distribute evenly,
leading to deviation in the waveforms. Moreover, since the
adverse effect of large overlap-time majorly contributes to the
zero-cross condition, the deterioration of waveforms in this area
is more visible [19], [20]. A significant overlap-time mismatch
has a substantial impact on the load side, increasing the THD of
the output current to 4.36%, while having an ignorable influence
of dc currents.

4) Input dc Sources, Input dc Chocks, and Overlap-Time Mis-
matches At the Same Time: Finally, the most severe mismatch
condition is examined in the proposed topology, where a 3%
mismatch is created between the values of input dc voltage (Vdc1

= 71 V and Vdc2 = 73 V); 10% mismatch in input inductors’
values (Ldc1 = 26 mH, and Ldc2 = 29 mH), and 300% mismatch
in the overlap-times values (δ = 1 μs in switches S11, S12, S23,
and S24 and δ = 0.3 μs in switches S13, S14, S21, and S22) at the
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TABLE IV
COMPARISON BETWEEN THE PROPOSED AND THREE OTHERS EXISTING FIVE-LEVEL CSIS

Fig. 17. Experimental results of the proposed PHB-MLSC2SI under the mis-
matches of the values of input dc voltages, inductors’ values, and overlap-time:
input DC currents, output current, and output voltage.

Fig. 18. (a) iL11-22 [A] in SR-MLCSI. (b) iL11&12 [A] in MR-MLCSI.

same time. As evident from Fig. 17, the output waveforms are
not influenced even under such a severe mismatch condition.
During this mismatch situation, iTHD = 2.1%. By comparing
Figs. 16 and 17, it can be concluded that even with three different
mismatches (mismatch in input dc source values, mismatch
in the value of the input dc inductors, and 1 μs mismatch in
overlap-time) simultaneously, the quality of waveforms is much
better than with just a larger overlap-time mismatch among
switches.

A comparison is made between the proposed and three con-
ventional MLCS to highlight the merits and demerits of the
proposed circuit. To ensure a fair comparison, all topologies (see
Fig. 1) are simulated using the same specifications (see Table III)
and modulation method in the MATLAB/Simulink environment.
The value of sharing/intermediate inductors (IMI), L11, L12, L21,
and L22 in SR-MLCSI, and MR-MLCSI was set at 2.5 mH to
maintain their current ripple within 10%–20%

L11∼22 =
Vo

√
3

4fswΔIL
. (17)

Fig. 18(a) and (b) displays the IMIs’ currents in SR-MLCSI
and MR-MLCSI, respectively. All IMIs in both converters carry
half of the input dc current (10 A) and exhibit good balance

thanks to the PS-PWM method. However, the IMIs in SR-
MLCSI endure two times higher current ripple compared to
ML-MLCSI, as it possesses both low and high frequency ripples.
Table IV outlines the key features of the compared converters.
The acronyms are defined at the bottom of Table IV. The number
of switches and diodes is the same among the topologies. The
SR-MLCSI has the highest number of inductors, followed by
MR-MLCSI. Although the proposed topology possesses four
extra capacitors in its structure, these SC capacitors bring several
remarkable merits. Moreover, the footprint of these small SC
capacitors is much smaller compared to the IMI inductors em-
ployed in SR-MLCSI and MR-MLCSI. In addition, in high-level
configuration (e.g., nine-level) the number of IMIs is doubled
in SR-MLCSI and MR-MLCSI, making the current balancing
of inductors more complicated. In contrast, SC capacitors in
the proposed inverter not do not require any voltage balanc-
ing controller, even in higher number of level configurations.
However, a limitation of the proposed circuit is the requirement
for additional input sources, similar to those in conventional
PHB-MLCSI.

The stress voltage/current is similar among all configura-
tions. To compare the total input dc current, 2Idc is consid-
ered as a reference value for the total dc input current. Input
inductors in SR-MLCSI and MR-MLCSI withstand two times
higher currant than those in PHB-MLCSI and the suggested
structure due to possessing a single dc source. IMIs are re-
sponsible for half of the input dc current in SR-MLCSI and
MR-MLCSI.

As verified in the previous sections, even a tiny mismatch
among gating signals (OCF) can create a serious problem in the
system. However, the proposed PHB-MLSC2SI is a structure
that can effectively overcome this issue. Thus, it can be con-
cluded that the proposed topology is a highly reliable structure
from a system performance point of view.

The measured efficiency (using YOKOGAWA WT1800
power analyzer) of the proposed PHB-MLCSI configuration is
depicted in Fig. 19, covering a wide range of output power. The
lowest efficiency of the proposed inverter is at 20% of full load
with a value of 92.8%, reaching the highest efficiency at 66% of
full load with 94.9%, and experiencing a slight reduction at full
load, which is 94.82%.

From the perspective of power density (dimension), the SR-
MLCSI and MR-MLCSI have a higher footprint if the dc-link
inductors are not considered, followed by the proposed inverter
and traditional PHB-MLCSI. However, when considering the
dc-link inductors, the footprint of the proposed inverter might
be larger than that of other topologies.
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Fig. 19. Measured efficiency of the proposed topology.

IV. CONCLUSION

The conventional PHB-MLCSI is vulnerable to OCF, which is
the major issue among traditional CSIs. To address this obstacle,
a novel topology has been suggested in this work which also
possesses all benefits of the conventional configuration, such
as voltage boosting capability, the possibility to extend to a
higher number of levels readily, and short circuit protection
ability. Several PWM schemes have been applied to the proposed
topology to investigate the efficacy of these control methods for
the proposed circuit. The results have revealed that only the
PS-PWM method can effectively address different OCF occur-
rences. Detailed theoretical analysis together with the experi-
mental results have been provided to justify the effectiveness of
the proposed solution. Moreover, additional experimental tests
have been conducted under dynamic load change, and nonideal
operating conditions to highlight the feasibility of the proposed
topology. In the end, the proposed topology has been compared
with three conventional counterparts from different perspectives
to further highlight the effectiveness of the suggested solution.
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