
IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 55, NO. 6, NOVEMBER/DECEMBER 2019 6073

A Seven-Level VSI With a Front-End Cascaded
Three-Level Inverter and Flying-Capacitor-Fed

H-Bridge
Tirupathi Abhilash , Kirubakaran Annamalai , Senior Member, IEEE,

and Somasekhar Veeramraju Tirumala , Member, IEEE

Abstract—Multilevel inverters (MLIs) are playing a pivotal role
in the power sector with potential applications, such as interfacing
renewable energy sources with the grid and several industrial drive
applications. MLIs with a smaller number of switching devices
are more promising due to their compact size, reduced cost, and
higher efficiency compared with their traditional counterparts.
This paper, therefore, presents a new three-phase seven-level in-
verter. This topology is a combination of two cascade-connected
two-level voltage-source inverters (VSIs) and H-bridge cells with
flying capacitors (FCs). This paper presents the operating principle
and the balancing technique for the dc-link capacitors and FCs.
The generation of various output voltage levels and the limitation
of the sinusoidal pulsewidth modulation control for FC voltage
balancing is also presented. The number of components in the
proposed circuit configuration and their voltage ratings are consid-
erably lower compared with the recently proposed topologies. The
behavior of the proposed circuit configuration is first assessed with
simulation studies and is then tested with a laboratory prototype.
The simulation and experimental results validate the effectiveness
of the proposed topology and the voltage balancing technique.

Index Terms—Capacitor voltage balancing, flying capacitor,
medium voltage, multilevel inverter, three-level inverter.

I. INTRODUCTION

CONTEMPORARY research on multilevel inverters
(MLIs) aims to improve power circuit configurations to

obtain higher efficiency, reliability, spectral performance, and
operability from high-voltage dc input. To this end, attempts
are being made to reduce the device count, as it would directly
influence the aspects of cost, efficiency, and reliability. With
MLIs, the higher output voltage is derived from voltage sources
and power semiconductor switching devices of lower voltage
ratings. MLIs also synthesize stepped output voltage waveforms,
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which are close to the sinusoidal wave increasing the spectral
quality.

MLIs are likely to be used extensively for large capacity power
generation using renewable energy sources [1]–[3]. The lower
voltage and power ratings of photovoltaic and fuel cells can
easily be connected in series and parallel to increase the power
and voltage levels for the grid-connected applications. MLIs also
facilitate to handle large dc-link voltages with reduced device
stress and reduced harmonics for high- and medium-voltage
applications.

The most significant topologies pertaining to MLIs are the
following:

i) neutral point clamped (NPC),
ii) flying capacitor (FC), and

iii) cascaded H-bridge (CHB) inverters [4]–[8].
These topologies are well suited for medium- and high-

voltage applications. However, these topologies have restricted
applicability for relatively lower ratings due to their inherent
drawbacks, such as the requirement of more clamping diodes and
FCs in NPC and FC converters, respectively. The FC topology
can be used for higher power levels with the aid of auxiliary
voltage balancing circuits or modified control schemes. The
requirement of separate dc sources for each H-bridge in CHB
leads to more components for the increased number of levels
and also leads to complexity in control. In order to balance the
dc-link capacitor voltages, an active front-end boost converter
with an additional balancing circuit is presented in [9]. Recently,
a novel six-level inverter using two-level cell and three-level FC
cell is proposed in [10]. However, it demands additional circuitry
to provide unequal dc-link capacitor voltages leading to higher
component count, bulkiness, and reduced efficiency.

Many novel symmetrical, asymmetrical, and hybrid convert-
ers have been reported in the literature to overcome the limi-
tations of the conventional topologies [11]–[13]. Among these,
asymmetrical MLIs with unequal voltages give higher output
levels compared with the symmetrical configurations. However,
these topologies demand more dc sources compared with NPC
and FC inverters. Replacing these dc sources with capacitors,
and natural balancing in voltage control will reduce the overall
size and cost of the system. However, these topologies result in
poor response during the transient conditions. A five-level in-
verter topology, which overcomes these limitations, is presented
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Fig. 1. Three-level inverters. (a) T-type topology. (b) Cascaded three-level
inverter topology.

in [14], which consists of a three-level (3L) active NPC (ANPC)
converter with FC along with voltage balancing technique.
Another Phase-shifted pulsewidth modulation (PWM) with a
proportional controller is developed for a three-phase five-level
FC-MLI to balance the FC voltages during the transient states
[15]. However, the selection of the size of the FC and control
strategy plays a crucial role in this topology, to ensure the quality
of the output.

Modular multilevel inverter configurations are relatively new
entrants into the arena of three-phase applications. It is not only
possible but is also desirable to operate a modular multilevel
inverter with multiple dc sources (one per cell) in applications,
such as HVDC. However, the need for separate dc sources in
each two-level cell could be a limiting factor for modular mul-
tilevel configurations for low- and medium-power applications
[16]. A new configuration of a T-type three-level inverter and
7L-ANPC for three-phase applications are reported in [17] and
[18] with the merits of low conduction losses and high efficiency.
Recently, a hybrid three-phase seven-level inverter was proposed
in [19] with the combination of T-type converter and H-bridge
inverter, which is also referred to as hybrid seven-level converter
(H7LC). In this circuit configuration, the T-type converter in
each phase requires two devices (S1 and S2), which must be
rated to block the voltage of 4Vdc (the switching devices, which
connect the pole point to the positive as well as the negative
dc rails), as shown in Fig. 1(a). Similarly, a modified hybrid
topology, which is derived from the T-type converter, is reported
in [20]. The advantage of this configuration is that the blocking
voltage is reduced to half as compared with the T-type topology.
Reduction in dc-link blocking voltage will significantly reduce
the rating of the devices and the losses considerably. However,
it demands more switch count. These limitations clearly spell
out the motivation to improvise the existing hybrid multilevel
inverter topologies. It can also be noticed that the development
of various circuit configurations is based on three major factors,
namely

1) reduction in device count,
2) balancing of the dc-link and/or the FC voltages,
3) avoidance of extra components for balancing circuits.
Realization of these objectives results in lesser weight, vol-

ume, cost, and higher efficiency of the configurations.
In this paper, a new three-phase hybrid cascaded seven-level

inverter is proposed with the inherent benefits of a reduced
number of power semiconductor switching devices and a single

dc source. The proposed topology uses a cascaded three-level
inverter, as shown in Fig. 1(b), which provides a common dc
link that is combined with an H-bridge containing FC.

The proposed structure has four advantages compared with
the H7LC and the other three conventional circuits (NPC, FC,
and CHB), which are as follows:

1) the need of only one high-voltage switch of 4Vdc rating,
i.e., S4 in each phase (compared with two in the T-type);

2) reduced component count of 24 compared with 36
switches of NPC, FC, and CHB;

3) higher efficiency compared with all these topologies; and
4) reduced dc-link voltage compared with the conventional

circuits.
Moreover, the balancing of the dc link and the FC voltages is

ensured in the proposed MLI.
This paper also presents a detailed discussion on the control

strategy that is employed for balancing the voltages across
the dc-link capacitors and FCs. Furthermore, a comparison
is made with other recently proposed topologies to show the
effectiveness of this circuit configuration in terms of the reduced
parts count and the voltage rating of the switching devices. The
performance of the proposed topology for different modulation
indices with R–L load is assessed with the aid of simulation
studies. The simulation studies are validated by a laboratory
prototype.

II. PROPOSED TOPOLOGY AND OPERATING PRINCIPLES

A. Novel Seven-Level Hybrid Converter

Fig. 2 depicts the proposed three-phase hybrid cascaded mul-
tilevel inverter. The proposed topology is capable of generating
a seven-level inverter output voltage with reduced switching
devices. This configuration, which employs a common dc link,
is built by connecting an H-bridge cell with an FC at the output
of the cascaded three-level inverter structure proposed in [21],
[36], and [37].

Each of the common dc-link capacitors Cd1 and Cd2 are
charged to a voltage of 2Vdc, whereas each of the FCs Ca, Cb,
and Cc connected in H-bridges are charged to a voltage of Vdc.
These capacitors, with the appropriate operation of the switching
devices, generates seven levels in pole voltages VXO (X = A,
B, C) in the range of –3Vdc to +3Vdc. The cascaded three-level
structure, shown in Fig. 3, generates voltage levels of –2Vdc,
0, and +2Vdc across VA’O, which are input to the H-bridge
cell. The H-bridge cell generates voltage levels of –Vdc, 0,
and +Vdc across VAA′ . Hence, the resultant pole-voltage VAO

consists of symmetrical seven levels, i.e., –3Vdc, –2Vdc, –Vdc,
0, Vdc, 2Vdc and 3Vdc. The load terminals A, B, and C in each
phase are connected to a Y-connected R–L load, which forms
a neutral point N, as shown in Fig. 2. The proposed topology
is implemented with only one dc source at the dc link with a
voltage of 4Vdc, and the FC voltages are balanced by using
the redundant switching states without any front-end source. A
separate control strategy is developed for balancing the dc-link
capacitor voltages.

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL. Downloaded on November 26,2025 at 11:39:08 UTC from IEEE Xplore.  Restrictions apply. 



ABHILASH et al.: SEVEN-LEVEL VSI WITH A FRONT-END CASCADED THREE-LEVEL INVERTER AND FC-FED H-BRIDGE 6075

Fig. 2. Proposed topology.

Fig. 3. Single-phase diagram of the proposed seven-level inverter.

Fig. 3 illustrates the phase-A of the proposed seven-level
inverter. Switches S1, S2, …, S8 are the power MOSFETs. D1,
D2, …, D8 are the body diodes or antiparallel diodes of the
switches S1, S2, …, S8, respectively. It may be noted that the
voltage ratings of the switches are not identical in the proposed
topology. The switching devices, which constitute the H-bridge,
(i.e., S5, S6, S7, and S8) require to be rated for Vdc. Three
switches (S1, S2, and S3) should have a voltage rating of 2Vdc,
whereas switch S4 is to be rated for a voltage of 4Vdc. This
means that in the 3-phase configuration (see Fig. 2), 12 switches
are rated forVdc, 9 switches are rated for 2Vdc, and 3 are rated
for. The decrease in modulation index (ma) will vary the output
pole voltages from seven levels to five levels and further to three
levels. The blocking voltage of the switches depends on the
type of the topology and the magnitude of the dc-link voltage.
Therefore, the blocking voltage of the switches is completely
independent ofma. The following section describes the method-
ology of operating these switching devices to generate various
voltage levels.

B. Operating Modes

The working principle of the proposed topology is explained
through the following seven modes of operation for various

output voltage levels. Fig. 4 presents these modes along with
the details concerning the conducting devices and the direction
of the load current (iA).

Mode 0 [VAO = 0]: In this mode, at zero output voltage, S2

and S3 are continuously gated along with the sets of either S5

and S7 or S6 and S8. To facilitate a better utilization of the
switching devices, the combinations of S5 and S7 and S6 and S8

are gated during positive and negative half-cycles, respectively.
The conduction of either a switch or its antiparallel diode is
decided by the direction of iA.

In the case of the positive zero crossing of the pole voltage,
VAO = 0+, and if iA is positive (+ve), D2, S3, D5, and S7

conduct, as shown in Fig. 4(i). However, for a lagging operation,
iA would be negative (–ve) when VAO = 0+. In such a case, the
conducting devices would be D7, S5, D3, and S2. Similarly,
for negative zero crossing i.e., VAO = 0 − and iA is +ve; the
path for the current is through D2, S3, S6, and D8. But for
lagging loads, iA is generally +ve when VAO = 0 − . Hence,
the conducting devices are S8, D6, D3, and S2. This clearly
shows that the proposed power circuit configuration is capable
of handling all the four quadrants in the VAO − iA plane.

Mode-1 [VAO = Vdc]: In this mode of operation, voltage
balancing of the FC is to be ensured to generate the level of
+Vdc without distortion. Hence, the switch S3 is continuously
triggered.

Case 1: If S2, S6, and S7 are gated, VAO = VCa. Assuming
that Ca is initially charged to Vdc (as the polarity shown in
Fig. 3), then VAO = Vdc. Here, the use of the FC reduces the
need of additional dc source in each phase, which is an advantage
of the proposed system. However, a proper switching sequence
should be adopted to balance the capacitor voltages during the
charging and discharging modes of operation. When iA is +ve,
Ca discharges; the conducting devices are: D2, S3, S6, and S7.
When iA is –ve, Ca charges through the conducting devices D7,
D6, D3, and S2.

Case 2: If S1, S5, and S8 are gated, then VAO = VCd1 − VCa.
Assuming that Cd1 and Ca are initially charged to 2Vdc and
Vdc (as the polarity shown in Fig. 3), then the output voltage
becomes VAO = Vdc. The capacitor Ca gets charged when iA
is +ve, and the conducting devices are S1, S3, D5, and D8. The
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Fig. 4. Different modes of seven-level operation of phase-A.

capacitorCa gets discharged when iA is –ve, and the conducting
devices are S8, S5, D3, and D1. Thus, in this mode of operation,
by continually switching among case 1 and case 2, the FC voltage
can be maintained at the level of Vdc.

Mode-2 [VAO = 2Vdc]: In this mode of operation, the FC is
made to float and is therefore called the Floating Mode. The
switches S1, S3, S5, and S7 are continuously triggered, as a
consequence of which, the load is directly clamped to the dc-link
capacitorCd1. This makesVAO = VCd1 = 2Vdc. It may be noted
that the devices S1, S3, D5, and S7 conduct when iA is +ve.
Similarly, the devices D7, S5, D3, and D1 conduct when iA
is –ve.

Mode-3 [VAO = 3Vdc] In this mode, the discharging of the
FC is addressed. Switches S1, S3, S6, and S7 are continuously
triggered to produce VAO = VCd1 + VCa. Also, either the sets
of devices S1, S3, S6, and S7 or D7, D6, D3, and D1 conduct
for the positive and the negative load currents, respectively. The
positive current discharges the FC, whereas the negative current
charges it. Since 3Vdc is the peak voltage level, the current is
usually positive, which results in the discharging of the FC.

Mode-4 [VAO = −Vdc]: This mode is similar to mode 1, and
the process of charging and discharging are addressed in the
following case 1 and case 2.

Case 1: If S2, S3, S5, and S8 are gated, VAO = −VCa.
Assuming that the capacitor Ca is initially charged to Vdc (as
the polarity shown in Fig. 3), then VAO = −Vdc. Assuming that
iA is +ve, Ca charges; the conducting devices are D2, S3, D5,
and D8. When iA is –ve, Ca discharges through the conducting
devices S8, S5, D3, and S2.

Case 2: If S4, S6, and S7 are gated, VAO = VCa − VCd2.
Assuming that the capacitors Cd2 and Ca are initially charged
to 2Vdc and Vdc, respectively (as the polarity is shown in
Fig. 3), then VAO = −Vdc. When iA is +ve, Ca discharges;
the conducting devices are D4, S6, and S7. When iA is –ve, Ca

charges, and the conducting devices are D7, D6, and S4. Thus,
by toggling among these two cases, it is possible to maintain the
FC voltage at a level of Vdc.

Mode-5 [VAO = −2Vdc]: Again, this mode is the floating
mode for the FCs. In this mode of operation, switches S4, S6,
and S8 are continuously triggered, and the load is clamped to
the dc-link capacitor Cd2 to produce VAO = −VCd2 = −2Vdc.
It may be observed that the devices D4, S6, and D8 conduct when
iA is +ve, whereas the devices S8, D6, and S4 conduct when iA
is –ve.

Mode-6 [VAO = −3Vdc]: In this mode, the FC discharges and
is therefore called as FC discharging mode. In this mode of
operation, VAO = −(VCd2 + VCa) and the switches S4, S5, and
S8 are gated. The devices D4, D5, and D8 conduct when iA is
+ve. Similarly, the devices S8, S5, and S4 conduct when iA
is –ve.

Table I presents the switching sequences for the generation
of all of the seven levels. The digits “1” and “0” represent the
switching states of ON and OFF, respectively. The pole voltage
measured between phase-A and dc neutral point-O is equal to
VAO. In this configuration, the FC voltage balancing is carried
out with the use of available redundant switching states at
Vdc and –Vdc levels. The charging and discharging modes are
decided by the direction of current and the employment of the
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TABLE I
EFFECT OF THE SWITCHING STATES OF THE SEVEN-LEVEL

INVERTER ON FC OF PHASE-A

Note. C, charging; D, discharging; N.E., no effect.
∗(a)—status of Ca.
∗∗(b)—number of ON switches/phase
∗∗∗(c)—switching state.

redundant switching states. If a given switching state charges
the FC, then its redundant state has the tendency of discharging
it. However, for the switching states V0, V3, and V7, the FC
voltage will not be affected due to the diversion of current paths.
From Table I, it may be observed that a maximum of 12 (i.e.,
4 × 3) devices, out of 24, conduct in any given mode. One may,
therefore, expect a higher efficiency with the proposed topology
on account of lower conduction losses of the switching devices.

III. MODULATION TECHNIQUE AND DC-LINK CAPACITOR

VOLTAGE BALANCING

A. PWM Technique

The selection of a PWM scheme also plays an important role
in the performance of an MLI. Among various Sine-triangle
PWM methods, the level-shifted in-phase disposition (LSIPD)
sinusoidal PWM (SPWM) [22], [23] technique is adopted in the
present study, which can result in the lowest harmonic content
[24]. Fig. 5 illustrates the schematic diagram of LSIPD-SPWM.
The gate pulses are generated by using a fundamental sine wave
and six LSIPD carrier waves, and the corresponding output
pulses for each voltage level for one complete cycle is given
in Fig. 5. With the help of an field-programmable gate array
(FPGA), the required pulse pattern is generated to produce the
seven-level output.

B. DC-Link Capacitor Voltage Balancing and the Design of
DC-Link Capacitors

The balancing of the dc-link capacitor voltages is very im-
portant to improve the quality of the output. The given single
4Vdc dc supply is split into two 2Vdc across the capacitors (Cd1

and Cd2). In order to balance the dc-link capacitor voltages
(VCd1 and VCd2), a simple controller is developed, and its offset
error is added with the reference fundamental signals. Fig. 6

Fig. 5. LSIPD-SPWM scheme for seven-level generation.

Fig. 6. DC-link capacitor voltage control.

depicts the developed control strategy to balance the dc-link
capacitor voltages. It can be noticed that this controller can
be implemented with the measurement of the voltage across
one of the dc-link capacitors to maintain the desired voltage
magnitude of 2Vdc. Suppose, ifVCd1 < 2Vdc, then the errorΔVd

is positive, which charges the top capacitor Cd1 and discharges
Cd2 untilVCd1 become 2Vdc. Otherwise, ifΔVd is negative, then
it discharges the top capacitor Cd1 and charges Cd2. Here, the
relationship between ΔVd and ΔId can be derived as per the
expressions reported in [32] and [33] as follows:

Cd1
ΔVCd1

Δt
− Cd2

ΔVCd2

Δt
= id. (1)
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Furthermore, this expression can be written in the form of
s-domain (Cd1 = Cd2 = Cd) as follows:

Cd

2
sΔVd (s) = id (s) . (2)

Finally, the transfer function for the control of dc-link capac-
itor voltages is

Gd (s) =
ΔVd (s)

id (s)
=

2
Cds

. (3)

It can be noticed that the controller is a first-order integrator,
and the value of cutoff frequencies depends on the size of
the dc-link capacitor. This current error is combined with the
three-phase modulating signals vmX(t), as shown in Fig. 6, to
generate the new reference signals (v∗mX(t)) and, thus, capable
to improve the stability of the dc-link capacitor voltages rela-
tively. Furthermore, the dc-link capacitors are designed using
the following expression given in [34] and [35]

Cd1 = Cd2 =
(PO/VS)

2 × ωm ×ΔVS × VS
(4)

where PO is the output power (W), ωm is the angular funda-
mental frequency (rad/s), VS is the total dc-link voltage (V), and
ΔVS is the % ripple voltage.

IV. FC VOLTAGE BALANCING AND FC DESIGN

A. Analysis of FC Voltage Balancing

The mathematical analysis related to the LSIPD-SPWM for
the voltage balancing of the FCs is well addressed in [19]. The
total charge variation on an FC can be estimated for half of the
fundamental cycle and is given as follows:

QCa = cosφ · IAM · Tωm

2π(
VAM

VCa

(
−π

2 + 2 arcsin
(

VCa

VAM

))
+ 2.

√
1 −

(
VCa

VAM

)2
)

(5)

where
QCa total charge variation in phase-A FC;
φ load power factor (PF) angle;
IAM amplitude of phase-A current;
Tωm

time period of the fundamental wave;
VAM amplitude of phase-A voltage;
VCa phase-A FC voltage.

From the above-mentioned expression, it can be understood
that the charge variation on the FCs is directly related to load PF
and the ratio of VAM and VCa, where they, respectively, denote
phase-A output voltage and FC voltage. When cosφ = 0, the
voltage of Ca is naturally balanced, because of the active power
supplied by Ca is zero. In other conditions, Qca must be greater
than zero to maintain the capacitor voltage balancing.

The modulation index (ma) is defined as

ma =
VAM

3 × VCa
. (6)

In order to estimate the maximum limits of ma, a new expres-
sion is derived from (5) and (6), without considering the impact

of PF, as follows:

K = IAM · Tωm

2π

(
3ma

(
−π

2
+ 2 arc sin

(
1

3ma

)))

+ 2 ·
√

1 −
(

1
3ma

)2

. (7)

Here, the parameter K = QCa

cosφ is positive when ma ≤ 0.81.
For the values of ma > 0.81, K becomes negative, which
implies that QCa = −cosφ. The negative sign indicates that the
discharging rate of the FCs is more, which results in unbalancing
of the FC voltages. Therefore, the maximum value of ma under
LSIPD-SPWM is limited to 0.81.

As mentioned before, the voltage balancing of the FCs de-
pends on the switching sequence selection. The voltage balanc-
ing of the FCs calls for a well-organized switching sequence.
If the proposed topology is operated for five-level operation,
during VAO = Vdc and –Vdc, there are two switching states, one
switching state charges the FC and other discharges it. Hence,
both charging and discharging states are effectively utilized to
maintain the FC voltage constant. FC voltage balancing is quite
difficult when the proposed topology is operated for seven levels,
because of only one possible switching state at the peak voltage
(3Vdc and –3Vdc) levels and during this state, FC discharges.
The nominal range of ma for the seven-level operation of
the proposed converter is 0.7 < ma < 1. In order to produce
seven-level pole voltage output and to balance the FC voltages,
ma is to be limited.

B. Analysis of FC Voltage Ripple

The modulation index is categorized into two different ranges
based on the FC voltage ripple as follows:

1) If 0.7 < ma < 0.81: The FC in each phase will experi-
ence a maximum voltage ripple of 5.5 V for unity PF (UPF) load
and 3.2 V for 0.56 lagging PF load, which is quite acceptable for
proper operation of the circuit. The dependence of the peak value
of the fundamental component of phase-A voltage (VAN1M)
and phase-A current (IAM), total harmonic distortion (THD),
and phase-A FC voltage ripple (ΔVCa) on ma are recorded in
simulation and are listed in Table II.

2) If ma > 0.81: As indicated by the earlier mathematical
analysis (3), it is not possible to ensure the balancing of the
FC voltages when ma > 0.81 for UPF loads. It can be observed
from Table II that when ma > 0.81, ΔVCa is increasing rapidly.
This deteriorates the quality of output voltages using the LSIPD-
SPWM modulation technique. In other words, the proposed
power circuit configuration suffers from the same disadvantage
as the one proposed in [19]. Fig. 7 illustrates the variation of the
FC voltage ripple for corresponding changes in ma from UPF
to 0.4lag PF loads.

From Fig. 7, it may be observed that when ma is 0.82, the
voltage ripple in the FCs is 11 V for UPF operation, and the
total dc-link voltage is 540 V. Fig. 7 also indicates that the ripple
in the FC voltage is going to increase further, as ma is increased
beyond 0.81. To prevent this from happening, ma should not be
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TABLE II
VARIATION OF FC VOLTAGE RIPPLE W.R.T Ma AND PF

Fig. 7. Variations of FC voltage ripple in phase-A w.r.t ma at different PFs.

Fig. 8. (a) Simulation results of FC voltage, FC current, and pole voltage of
Phase-A. (b) Three-dimensional representation of the relationship between FC
voltage ripple, PF, and ma.

increased beyond 0.81. This could limit the dc-link utilization
of the proposed power circuit configuration.

Furthermore, Fig. 8(a) depicts the corresponding simulation
results to prove the theoretical analysis presented above. It can

be noticed that FC voltage ripple occurs during peak voltage
levels. Fig. 8(b) shows the variation of the FC ripple voltage,
and PF for the corresponding changes in the modulation index.
It is observed that the ripple voltage of the FC increases with
increase in load PF or ma or both. The increase in PF results in
the increase in charge variation, according to (5). On the other
hand, due to the absence of redundant switching states at higher
values of ma, FC voltage ripple increases.

C. Design of FCs

Recently, a new asymmetric MLI topology for five-level was
reported in [25]. This topology is the cascade connection of a
full-bridge and half-bridge submodules. In this circuit, the FC
in the half-bridge is balanced naturally due to the fact that it
discharges and charges during positive and negative half-cycles.
However, the FC voltage ripples and output voltage distortion
are more due to the absence of redundant switching states.

The drop in FC voltage in each phase of the proposed con-
figuration occurs mostly during peak voltage levels, i.e., 3Vdc

or –3Vdc. Therefore, the voltage drop during peak levels is
considered in sizing of the FCs. Hence, the FCs are designed
based on the expression reported in [26], which is given as
follows:

Cx =
Ix

ΔVCx × fsw
(8)

where x = a, b, and c, Ix is the peak value of load current,
fsw is the switching frequency, and ΔVcx is the ripple voltage.

V. COMPARISON OF THE PROPOSED TOPOLOGY WITH

VARIOUS MLI CONFIGURATIONS

Table III presents a comprehensive comparison of the pro-
posed power circuit configuration with the recently proposed
topologies and the conventional topologies. In some aspects,
the proposed inverter shows considerable advantages of reduced
switches, capacitors, and their ratings. It can also be noticed
that the need for 4Vdc switches is only three, as aforementioned
in Section I. This ensures that the voltage rating of the devices
reduced to half and a considerable reduction in the power losses,
which results in higher efficient operation as compared with the
other MLIs.
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TABLE III
COMPARISON OF THE PROPOSED TOPOLOGY WITH VARIOUS TOPOLOGIES

TABLE IV
SYSTEM PARAMETERS

VI. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the feasibility of the proposed three-phase
seven-level inverter is verified through simulation and experi-
mental studies. In simulation studies, the model is developed
by considering 540 V dc-link voltage and 135 V FC voltage to
produce 400 V(L–L) ac output voltages.

The control pulses are developed using the LSIPD-SPWM
technique. A switching frequency of 4 kHz is considered for both
simulation and experimental works. Furthermore, a laboratory
prototype model is developed to test the proposed configuration.
The power circuit is consists of IRFP460 MOSFETs, and the
control signals are generated using MATLAB/Xilinx system
generator blocks with DIGILENT SPARTAN-6 (XC6SLX45)
FPGA processor. The performance of the model is studied for an
R–L load at various modulation indices. The detailed simulation
and experimental parameters are given in Table IV.

A. Simulation Results

First, the simulation study is carried out for a 3-kW, 400-
Vrms(L–L) in MATLAB/SIMULINK environment. The pro-
posed model is tested for modulation indices of 0.45 and 0.8 to
produce the five-level and seven-level inverter output voltages,
respectively. The performance of the dc link and FC voltage
controllers is also tested. Figs. 9(a)–(c) and 10(a)–(c) show
the inverter output results consisting of the pole voltages, line
voltages, phase-A voltage, and current for two different values of

ma (i.e., 0.45 and 0.8, respectively). Figs. 9(e) and 10(f) illustrate
the harmonic spectra of these synthesized inverter output pole-A
voltage waveform for an ma of 0.45 and 0.8, respectively. It can
be observed that the THD value decreases from 42.8% to 24.12%
for the changes in ma from 0.45 to 0.8, respectively, due to the
increase in voltage levels in the output.

Similarly, Figs. 9(d) and 10(d) present the steady-state re-
sponse of the FC voltages for the aforementioned values of the
modulation indices. Fig. 10(e) shows the response of dc-link
capacitor voltages with and without the balancing controller.
Initially, the voltages VCd1 and VCd2 are unbalanced from t = 0
to t=0.5 s. When the controller is ON at t equals 0.5s, the voltages
across capacitors are balanced to 270 V. It can be noticed that the
dc-link capacitor voltages and the FC voltages are well balanced
and maintained at 270 and 135 V, respectively. Figs. 9(f)–(h) and
10(g)–(i) illustrate the harmonic spectra of line voltage (VAB),
phase voltage (VAN ), and load current (iA) at two different
modulation indices of 0.45 and 0.8, respectively. It is observed
that all of the dominant harmonics have been nullified in the
line and phase voltages, and the harmonic levels in the load
current waveform are very low, which are less than 1%. Hence,
the proposed topology and the control strategy are effective and
suitable for medium power applications.

B. Experimental Results

Fig. 11 shows the developed laboratory prototype based on
Spartan-6 FPGA to verify the effectiveness of the proposed
topology for different modulation indices. The hardware setup
is built-in the laboratory for a lower scale dc-link voltage and FC
voltage of 160 and 40 V, respectively. The 3-Ø, Y-connected R–L
load of R = 26 Ω and L = 10 mH is used in the experimentation.

Fig. 12(a)–(c) illustrates the response of pole voltages, line
voltages, phase-A voltage, and corresponding load current for
an ma of 0.45. Fig. 12(d) illustrates the phase-A FC voltage
w.r.t load change approximately from 2 to 4 A (peak). It can be
observed that the FC voltage ripple is quite low and maintained
constant for different loads.

Similarly, the experimental study is carried out at an ma of
0.8, and their results are shown in Fig. 13(a)–(i). The seven-
level inverter output waveforms of pole voltages, line voltages,
phase-A voltage, and the sinusoidal output phase current are in
good agreement with the simulation results. In this case also the
developed control scheme succeeds to balance the FC voltages
for load changes approximately from 5 to 3 A (peak), as shown
in Fig. 13(d). The dc-link capacitor voltages VCd1 and VCd2

w.r.t load change are shown in Fig. 13(e). Fig. 13(f) depicts
the performance of the dc-link voltage balance controller. It can
be noticed that the top capacitor voltage (VCd1) is charged to
130 V and VCd2 is discharged to 30 V, without the controller.
Both the capacitor voltages are balanced to 80 V, immediately
once the controller comes into the operation. This shows that the
controller is highly reliable in balancing the dc-link capacitor
voltages.

Finally, Figs. 12(e)–(h) and 13(g)–(j) illustrate the harmonic
spectra and THD values of the seven-level pole-A output voltage,
line-voltage, phase-A voltage, and line current. It can be noticed
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Fig. 9. Simulation results at ma = 0.45 . (a) Pole voltages. (b) Line voltages. (c) Phase-A voltage and current. (d) Steady-state FC voltages of all the three
phases. FFT analysis of (e) pole voltage (VAO), (f) line voltage (VAB), (g) phase voltage (VAN ), and (h) load current (iA).

that the %THD of voltage (VAO) decreases from 49.46% to
27.46% due to the increase in voltage levels in the output. More-
over, the order of the dominating harmonic components exactly
matches between the simulation and experimental results. It is to
be noted that the magnitudes of %THD in experimental results
are slightly higher than simulated results due to the selection of
lower size capacitors. The nearest agreement between the sim-
ulation and experimental results validates the proposed power
circuit configuration.

The dynamic performance of the converter and the control
algorithm is tested by applying different transient disturbances.
Figs. 14(a) and (b) depicts the transient response of the pro-
posed configuration for a step change in ma, which is applied
at an arbitrary instant of time. It is observed from Fig. 14(a)
that the pole voltage and load current after the step change in
ma are settled to their final values within the duration of one
fundamental cycle. Fig. 15(a) and (b) illustrates the response of
FC voltages and dc-link capacitor voltages for a step change
in ma. It can be noticed that the dc-link capacitor voltages
are well balanced and FC voltages are maintained constant.
However, a slight increase in FC voltage ripples is observed
during higher loading conditions at ma = 0.8. Figs. 16 and
17 show the pole voltage and load current waveforms for a
step change in switching frequency (fsw) and fundamental fre-
quency (fm), respectively. These experimental results demon-
strate the effectiveness of the proposed topology, control strat-
egy, and the balancing techniques in steady-state and transient
conditions.

C. Charging Process and balancing dynamics of the FCs

The FCs in each phase are charged from the dc supply.
Initially, the FC voltages are zero; required switching states that
charge the FCs are selected according to the control algorithm,
which exploits the property of redundant switching states. The
charging time of the FCs depends on the value of ma, for the
given values of fsw and R–L load parameters. The plot that
demonstrates the voltage balancing dynamics (i.e., the charging
process of the FC) of the FC is shown in Fig. 18.

It can be noticed from Fig. 18(a) that the voltage balancing rate
is relatively slow at ma = 0.1, which is due to the reduced mag-
nitude of the load current. As the value of ma increases to 0.45
in Fig. 18(b), the rate of voltage balancing is faster. However, the
ripple in the FC voltage, in this case, is higher compared with
the case of ma = 0.1. Fig. 18(c) shows the charging process of
FC at ma = 0.8. It can be observed that the voltage balancing
rate is slow and the ripple is slightly high, due to the absence of
redundant switching states at peak voltage levels.

D. Testing Under Nonlinear Loads

The proposed 3-Ø, seven-level inverter is tested for a non-
linear load consisting of a 3-Ø full-bridge diode rectifier that is
connected to an R–L load of 26Ω and 10 mH and compared with
the linear load for better illustration, as shown in Fig. 19. The line
voltages (VAB) and line current (iA) for linear and nonlinear
loads are shown in Fig. 19(a) and (b). It can be seen that the
line current becomes nonsinusoidal due to continuous switching
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Fig. 10. Simulation results at ma = 0.8. (a) Pole voltages. (b) Line voltages. (c) Phase-A voltage and current. (d) Steady-state FC voltages of all the three phases.
(e) DC-link capacitor voltages during without and with controller. FFT analysis of (f) pole voltage (VAO), (g) line voltage (VAB), (h) phase voltage (VAN ), and
(i) load current (iA).

Fig. 11. Experimental setup.

of the diodes in the rectifier, which is shown in Fig. 19(b), as
compared with the sinusoidal load current shown in Fig. 19(a).
Hence, the proposed topology is also suitable in applications
where nonlinear loads are present.

E. Efficiency Calculation

The efficiency of the proposed topology, NPC, FC, and H7LC
MLIs is evaluated for a 3-kW, 400Vrms (L–L), fsw of 4 kHz,
and ma of 0.8. However, from the design aspects, the NPC and
FC inverters are capable to operate at a maximum ma of unity.
Therefore, a dc-link voltage of 650 V is needed in the NPC and
the FC MLIs to match 400Vrms output for efficiency calculation.
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Fig. 12. Experimental results at ma = 0.45. (a) Pole voltages, (b) line voltages, and (c) phase-A voltage and current; time scale (4 ms/div). (d) Voltage across
FC (Ca) w.r.t load change; time scale (1 s/div). FFT analysis of (e) pole voltage (VAO), (f) line voltage (VAB), (g) phase voltage (VAN ), and (h) load current
(iA) (from comma-separated values (CSV) file).

Fig. 20 shows the variation of efficiency for different loads. It
can be noticed that the proposed topology has a higher efficiency
of 96% as compared with NPC, FC, and H7LC MLIs. More-
over, the proposed converter gives slightly higher efficiency
as compared with the H7LC MLI [19]. This is mainly due to
reduced device ratings, and, therefore, the losses mentioned
earlier. In order to evaluate the efficiency, different ratings of
semiconductor devices were selected as per the blocking voltage
and the peak current of each switch. The efficiency calculation
is computed in MATLAB software by considering all the device

parameters given in the manufacturer’s data sheet. Table V shows
the list of various ratings of semiconductor devices selected for
the proposed topology.

The losses incurred by various MOSFET devices are estimated
using the expressions given in [31]. Furthermore, Fig. 21 illus-
trates the distribution of the losses in various switches of phase-A
at full load with a constant ma of 0.8.

Where
Pcon,d conduction losses of anti-parallel diode in a

switch;
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Fig. 13. Experimental results at ma = 0.8. (a) Pole voltages, (b) line voltages, and (c) phase-A voltage and current; time scale (4 ms/div). (d) Voltage across FC
(Ca) w.r.t load change, (e) voltage across dc-link capacitors w.r.t load change, (f) voltages across dc-link capacitors and current (iA) during the controller ON and
OFF; time scale (1 s/div). FFT analysis of (g) pole voltage (VAO), (h) line voltage (VAB), (i) phase voltage (VAN ), and (j) load current (iA) (from CSV-file).
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Fig. 14. Waveforms of pole voltage (VAO) and load current (iA) when ma changes from (a) 0.45 to 0.8 and (b) 0.8 to 0.45; time scale (10 ms/div).

Fig. 15. Waveforms of (a) FC voltages and load current (iA) and (b) DC-link capacitor voltages and load current (iA), when ma changes from 0.45 to 0.8; time
scale (20 ms/div).

Fig. 16. Waveforms of pole voltage (VAO) and load current (iA) when fsw changes from (a) 4 k to 1 kHz and (b) 1 k to 4 kHz; time scale (10 ms/div).

Fig. 17. Waveforms of pole voltage (VAO) and load current (iA) when fm changes from (a) 50 to 20 Hz and (b) 20 to 50 Hz; time scale (40 ms/div).

Psw,d switching losses of anti-parallel diode in a
switch;

Pcon,sw conduction losses of a switch;
Psw,sw switching losses of a switch.

It can be noticed that the conduction losses of switches are
considerably higher as compared with the switching losses. It
can be reduced further by the proper selection of the switches,
with lower values of RDS(on).
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Fig. 18. Charging process and the voltage balancing rate at (a)ma = 0.1; time
scale (100 ms/div), (b) ma = 0.45, and (c) ma = 0.8; time scale (40 ms/div).
The load resistance (R) = 26 Ω and the load inductance (L) = 10 mH for all the
cases.

Fig. 19. Experimental results of line voltage and line current for a (a) linear
load and (b) nonlinear load; time scale (4 ms/div).

Fig. 20. Variation of efficiency w.r.t output power in various topologies.

Fig. 21. Distribution of semiconductor losses in various switches of phase-A.

TABLE V
SELECTION OF SEMICONDUCTOR DEVICES

Note. VDS, drain to source blocking voltage; ID , maximum allowable drain current;
RDS (ON), ON-state drain to source resistance.

VII. CONCLUSION

A new power circuit configuration for a three-phase, seven-
level inverter with a single dc source is presented in this paper.
This topology is developed with a three-level inverter and a
full-bridge FC circuit, with reduced component count and device
ratings as compared with the conventional MLIs and the T-Type
hybrid seven-level inverter. The LSIPD-SPWM control scheme
is implemented to balance the FC voltages for different loading
conditions with reduced complexity. A separate dc-link voltage
balancing control scheme is also presented. The proposed model
is demonstrated for different modulation indices, dynamic load-
ing conditions, and nonlinear loads. To assess the proposed
power circuit vis-à-vis the other recently proposed topologies, a

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL. Downloaded on November 26,2025 at 11:39:08 UTC from IEEE Xplore.  Restrictions apply. 



ABHILASH et al.: SEVEN-LEVEL VSI WITH A FRONT-END CASCADED THREE-LEVEL INVERTER AND FC-FED H-BRIDGE 6087

comparative study is also carried out. The comparative studies
reveal that the proposed topology shows advantages in terms
of the reduced component count and the voltage rating of the
switching devices. It also shows higher efficiency compared with
NPC, FC and H7LC MLIs.
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