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ABSTRACT Galvanic isolation is a vital part of a grid-connected solar PV system. With the growth
of multilevel inverters for grid-connected applications, the multilevel inverters having isolation are not
sufficiently discussed in the literature. In this paper, a 15-level isolated multilevel inverter topology requiring
only thirteen switches is proposed. The envisaged configuration includes two cells, designated as upper and
lower cells. The upper cell includes a standard H-bridge, and the lower cell is a switched capacitor-based 5-
level inverter. The outputs of the lower and upper cells are supplied to the load through single-phase isolation
transformers. The proposed single-phase isolated inverter requires reduced switches to generate 15-level AC
output voltage with a voltage gain of 7. In comparison to the MLIs mentioned in the literature, the switches
connected in the proposed inverter experienced less voltage stress. The proposed inverter construction is
contrasted with state-of-the-art MLIs described in the literature. PLECS software is used to simulate the
inverter under various working environments, the proposed MLI able to maintain capacitor voltage balance
and generate good power quality even at low values of modulation index. The experimental results achieved
on alow-power laboratory prototype are utilized to validate the proposed inverter’s performance. The claimed
efficiency of the inverter calculated using simulation results is found to be 97.1%. However, the efficiency
calculated using experimental results is 96.4% at 700W.

INDEX TERMS Multilevel inverter, switched capacitor (SC), self-voltage balancing, boost capability,
isolated converter.

I. INTRODUCTION

Multilevel converters are becoming increasingly popular
in the industry due to their high-power applications in a
variety of systems such as variable speed drives, photo-
voltaic (PV) grid integration, electric locomotives, power
quality improvement devices such as static reactive power
compensation, and DVR. In addition to meeting increased
power rating and power quality requirements, multilevel
inverters also have the ability to eliminate harmonic distortion
and the effects of electromagnetic interference [1]. Power
semiconductor switching components, capacitor voltage
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sources, and regulating units make up multilevel inverters.
Multilevel inverters are frequently utilized these days because
of the several benefits they provide, such as lower switching
losses, the capacity to operate at high voltages, fewer EMI
losses, and improved efficiency [2].

The primary challenges associated with traditional MLIs
are the lack of voltage gain, the requirements for the high
number of components to generate higher output voltage, and
the number [3], [4].

Reducing the number of components needed in MLIs is
the primary objective of the research efforts in recent years.
Researchers in academia and business are motivated by the
above-mentioned limitations to propose circuits requiring
lower component counts. The higher output voltage can be
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achieved by using a cascaded connection of a single H-bridge.
However, this configuration makes the system bulky and
increases the total cost, the lack of input voltage boosting
factor (BF) is another drawback of the topologies presented
in [5], [6], and [7].

The outcome of the study’s effort to reduce the overall ele-
ment requirement has resulted in many interesting structures,
switched capacitor-based multilevel inverter (SC-MLI) is
developed to address the issues of classical MLIs by reducing
the number of elements with the capability of increasing the
output ac voltage. In [8], a 13-level inverter utilizes four dc
sources and 10 switches. which has a negative impact on effi-
ciency. The work reported in [9] proposed an inverter using
fewer switch counts to achieve higher output voltage levels.
However, the topology requires multiple DC sources which
increases the cost of the overall system. A new basic unit
has been developed in [10] which includes a cross-network
with two sources to generate 17 levels. The involvement of
a high number of capacitors, however, increased the control
complexity. In [11], the presented asymmetrical structure was
implemented to increase the output voltage levels. These
topologies have unique structures, although the number of
switches is still quite significant in contrast to their output
voltage and achieved gain.

In order to minimize the number of DC voltage sources.
A solution proposed in [12] is addressed by replacing
the DC source with switched capacitors to achieve high
gain. Nonetheless, lacks self-balancing ability, and requires
complex control to balance all used capacitors. The attempt
to explore voltage boosting using a single DC source is
presented in [13]. The proposed topology achieved high
output voltage levels, however, the use of highly voltage-
stressed switches restricts its applications. While in [14],
a triple-mode SC unit, a double-mode SC-MLI unit, and
two inverting half-bridges construct the 13-level inverter.
Nevertheless, it suffers from significant capacitor voltage
ripple. In [15] MLI topology uses less switch count with
a voltage boost gain of 4. However, it requires 4 switched
capacitors to obtain 15 output voltage levels. The work
presented in [16] developed a switched capacitor MLI that
can increase the output voltage to 6 times the input voltage
with fewer components. However, this topology demand
switches having higher values of peak inverse voltage (PIV).
Similarly, a nine-level boost inverter using a unique and
efficient switched capacitor topology is developed [17].
It obtains a voltage gain of 4 by employing a few possible
switches. Nevertheless, some of the switches also need to
withstand the maximum output voltage.

To overcome the issue with capacitor balance and the need
for complex control techniques, a significant research interest
among researchers is found in solving the capacitor voltage
unbalancing problem, by developing new topologies capable
of self-capacitor voltage balancing. self-voltage balancing of
switched capacitors is handled in [18] by linking external
circuits, which raises the system cost. The capacitor voltage
balancing issue becomes more severe with an increase in the
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number of levels of output voltage. Further, a complex control
strategy is required to ensure capacitor voltage balancing. The
coupling of two back-to-back T-type converters resulted in a
13-level inverter employing two asymmetrical sources [19].
Similar to this, a K-type inverter structure has been proposed
in [20], providing a multilayer structure capable of balancing
capacitor voltages without the use of external circuits
or control approaches. However, the proposed design has
limited practicality for real-world applications due to the
demand for more isolated DC voltage sources and a greater
number of switching capacitors. D. Upadhyay introduces
UXE-Type topology in [21] consisting of 12 switches and
a single DC source with two switched capacitors able to
produce thirteen output voltage levels. However, the voltage
stress across some of the power switches and capacitors
is greater than the input DC source. Various topologies,
on the other hand, aim to achieve high output voltage
gain while demanding switches with lower voltage stress.
Reference [22] proposes a capacitor-based MLI capable of
outputting 17 levels, which requires 14 switches, 4 capacitors,
and 2 DC sources to raise the output AC voltage. However,
the more the number of capacitors utilized, the greater the
total blocking voltage (TBV), and the maximum voltage
stress equals three times the input voltage. In [23], one
configuration can generate up to 9 levels using 12 switches.
The AC output voltage can be produced with the help of two
switching capacitors. The inverter proposed in [24] demands
two DC input voltage sources and one capacitor to generate
15-level AC output voltage. The topology suggested in [25]
includes five DC sources and ten switches, which increases
the overall cost of the inverter. These topologies [23], [24]
require a smaller number of semiconductor devices. However,
itis not possible to increase the BF more than unity and higher
TBYV appears across the devices.

To address the TBL problem, the MLI family utilizes
multi-input DC sources to generate asymmetrical and sym-
metrical topologies. References [26] and [27] describe a
15-level inverter that requires three DC input voltage sources.
Although these topologies use fewer components, the BF
obtained is not cost-effective due to the increased number of
switched capacitors. The SC-MLI structure proposed in [28]
has a voltage gain of 6 and can accomplish good compromises
in terms of the number of DC sources, component count, and
TBYV. However, the split capacitors employed cause voltage
balancing issues and necessitate elaborate management
approaches to ensure the capacitor’s voltage balance. Further,
all these topologies lack galvanic isolation.

To tackle the issues raised above, several transformer-
based MLIs and techniques to estimate the magnitudes of
DC voltage sources have been proposed in order to improve
the number of output voltage levels while using fewer power
semiconductor devices. To elevate the voltage level, tie
together H-bridge cells (HBCs) in series as demonstrated
in [29], [30], and [31]. Three h-bridges are utilized per
leg in these topologies, and three transformers are required
to boost the voltage level from 7 to 21. In the structure
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FIGURE 1. Block diagram of proposed SC-MLI used to interface various
sources and loads.

proposed in [32], a single transformer is also employed.
However, the proposed construction demands the use of a
flying capacitor and a large number of clamping diodes.
Two transformers are used in [30] to provide a 15-level
single-phase alternating current output voltage. The primary
constraints of the arrangement outlined in [33] are the
need for extra transformers and separate DC sources, which
increase the system’s cost, size, and weight.

To address above mentioned limitations, this paper
presents an isolated SC-MLI structure capable of generating
a maximum of 15-level AC output voltage. The suggested
inverter construction provides a higher number of levels in
AC output voltage using a smaller number of semiconductor
devices. This topology consists of 13 switches, 2 single-
phase transformers and one switched capacitor, which is
fed from a single input DC source. Nearest level control
(NLC) implemented by the proposed inverter for gate
pulse generation. Under various load situations, this control
approach can attain all output voltage levels. The main
objective of this study is to introduce a novel isolated inverter
that is based on a switched capacitor-based multilevel inverter
with the following salient features:

e The proposed converter requires a single DC input

source to generate a 15-level AC output voltage.

o The proposed converter ensures self-voltage balancing
across the capacitor under different loading conditions.

o The proposed converter offers a voltage gain of 7 (V,:
Vac =T7).

o The transformers provide galvanic isolation between
load and source.

o The magnitude of ripples in the output current of the pro-
posed converter is reduced due to the inherent filtering
capability of the transformer leakage inductance.

These features allow the proposed inverter to be employed
in applications such as solar PV, fuel cells, battery power
applications, industrial motors, and so on, as illustrated
in Fig. 1. The suggested topology can also be employed
in applications such as microgrids, which provide remote
electrification facilities.

Il. WIND PROPOSED 15-LEVEL MLI TOPOLOGY

A. DESCRIPTION OF PROPOSED TOPOLOGY

Fig. 2 depicts the proposed inverter configuration used
to produce a single AC output voltage, which includes
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FIGURE 3. Induced voltage waveforms for Vgrq, Vs, and Vp.

13 unidirectional switches, one switched capacitor, and two
transformers, 77 and T>. The proposed converter produces
a 15-level output AC voltage with a voltage gain of 7.
The suggested 15-level structure comprises dual voltage-
boosting components, namely a switching capacitor, C, and
a transformer, 7. The switched capacitor, C, is utilized to
feed energy to the load symmetrically during the positive and
negative cycles, and the voltage across the capacitor remains
balanced, demonstrating the proposed MLI’s self-balancing
capacitor voltage.

The output of H-bridge is applied to the primary winding
of the transformer, T, while the load is connected in series to
the secondary windings of the transformers, 77 and 7>. The
voltage across the primary winding of 77 with Npr; turns
can be derived as a switching function of power electronic
devices, S; and S3 given by:

Ver1 = Vae(S1 — S3) (1

where, Vqc input dc source. Using (1), the voltage of the
secondary side of 71 with Ngr; turns can be expressed as

N,
Vsr1 = ( N”“ ) % [Vae (S — S3)] @)

ST1

Fig.3 represents the output voltage, Vg7 of h-bridge, while
Vsr2 corresponding to the voltage across the second cell. The
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overall output voltage of the inverter Vp is a combination
of voltages of H-bridge and second cell (i.e., Vsr1 and Vgra
respectively), forming a 15-level output voltage.

The proposed topology employs a staircase pulse width
modulation technique commonly known as Nearest Level
Control (NLC). The output voltage V can be represented by
Fourier series given by;

002V

Vo (ot) = Z_l Zn R

[cos (n6;) — cos [n(x — 6,)]] sin(nwt)  (3)

where L is the total number of levels, n is the harmonic order,
0 is the load angle, and V), is peak voltage divided by the
number of levels in a one-quarter cycle. The Fundamental
and harmonic components of output voltage, Vound)» Vo(har)
evaluated from (3) for L-level inverters are obtained as

4v,

Vo(fund) = COS(9i) 4

4v
ﬁ Z; cos[(2x —DEil ()

where,x = 2,3,4,.... As per the IEEE Std. 519, the resulting
THD in output ac voltage of the converter must not exceed 5%
of the magnitude of the fundamental component, of voltage,
Vo(funa)- To check the quality of the resulting output voltage
waveform, the total harmonic distortion (THD) is evaluated
which is given by the following expression:

VoL o5 [(2x — D]
THD = Y. B=hr == : 6)

4V, <L
—L > iy cos(6))

TBV provides information about the specifications, costs,
performance, and operation of the switches utilized in the
topology. Therefore, the value of the maximum TBYV for the
proposed structure is obtained as:

VO(harm) =

13
TBV = Zi:l Vi (7

where Vj; stands for the maximum voltage blocked by the i
switch.
S1 =8 =8=84="Vs
S12 =810 =88 = S9 = Vg 3
S5 =86 = S11 =813 = Ve
From equations (7) and (8), the expression for the TBV can
be written as,

TBV = 13V, )

B. OPERATION MODES OF PROPOSED MLI

The secondary winding of the transformer 77 produces
voltage levels of 5V 4., 0, —5V 4., while the transformer of the
second cell T, generates output voltage with levels of 2V 4,
Vae, 0, =V ae —2V 4, to produce a peak output voltage of
Vo = 5Vga + 2V4 = 7V 4. The conduction states for all
positive voltage levels of the proposed topology are shown in
Fig. 4. and are discussed below:
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o State A (Vst1 = 0,Vsro = Vi,V = Vg
In this state, the capacitor, C starts charging, the H-
bridge at this stage produces zero power and the
output voltage level is produced by the second cell as
in Fig. 4(b).

o State B (Vst1 = 0, Vst2 = 2V4., V, = 2V4.): During
this voltage state, the capacitor, C still discharging, and
the output voltage obtained is 2V .. The corresponding
circuit diagram is shown in Fig. 4(c).

o State C (Vst1 = S5Vye, Vsto = —2V4e, Vo, = 3V
): The switching diagram for this stage is shown in
Fig. 4(d). In this stage, the capacitor, C continues to
discharge through the load, and the load voltage level
is equal to 3V,.

o State D (Vs71 = S5V, Vsto = —Vge, V, = 4Vyo):
In this voltage state as shown in Fig.4(e), the capacitor
starts discharging and the output voltage level having its
peak value equal to 4V, is achieved.

o State E (Vst1 = 5V4c, Vst2 = 0, V, = 5Vy.): In this
operating mode, the capacitor, C still charging through
the load, and the output voltage level is generated by the
upper H-bridge cell while the lower cell produces zero
power as shown in Fig. 4 (f).

o State F (Vst1 = 5V4e, Vst2 = Vae, Vo = 6Vg): During
his operating mode, the capacitor, C starts charging
and the series connection of secondaries of T and T,
produces a level with a voltage magnitude of 6V, which
is shown in Fig.4 (g).

o State G(\Vs71 = 5Vye, Vsto = 2V4e, Vo = TVy4): In this
operational mode, the proposed topology generates zero
voltage across the load as shown in Fig.4 (h). For this
state, the capacitor C discharging.

o State O (Vst1 = Vsro = V, = 0): As shown in
Fig. 4 (a), zero voltage appears across the load, and the
capacitor is connected to the DC voltage source and gets
charged to V.

A similar analysis can be applied over the negative half
cycle of the output voltage. The switching pattern used
to generate a 15-level output voltage, Vo is presented
in Table 1.

C. TRANSFORMER TURNS RATIO CALCULATION

The number of levels represented in the proposed MLI’s
output voltage and the voltage gain is highly controlled by
the transformer turns ratios, 77 and T,. The transformer T
turns ratio is determined by the input and output voltage
requirements, which are provided by,

Ve
4fsBmAc

where, B, is maximum flux density and A, is the effective
cross-sectional area of the core measured in cm?. The
isolated topology presented in this study employs a distinct
transformer (i.e., 1:5 (T1) and 1:1 (T7) turns ratio) for
achieving maximum output voltage levels. As a result of
the varied turn ratios, the power rating (St) of utilized

N71 =N =

(10)
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FIGURE 4. Different stages of the proposed single-stage SC-MLI topology, which produces 15-level ac output voltage.

transformers varies. The transformer’s power rating may be D. SELECTION OF SWITCHED CAPACITOR

calculated as follows: As illustrated in Fig. 5., The capacitor C is charged with
voltage levels of 0, +V 4., +5V4¢, +6V4. — 5V4e, —6V,4 and
discharges during voltage levels of +2V 4., +3V4., +4V4c,
+4Vie, +1Vae, =2V e, —3Vae, =2V g, —3Vae, —4Vye,
—4V4., —7V4.. Over a fundamental cycle of output AC volt-

where, I, is the load current, and Ng7y is the secondary age, the charging and discharging times of the capacitors are
windings of the transformer 77 or T5. identical. As a result, regardless of the load characteristics,

St = NstVacl, (1D
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TABLE 1. Switching states of proposed topology.

Levels Switching States Effect on Capacitor
7V S1, S4, Ss, S7, S8, S10, S13 !
t6Vy. 51, S4. Ss, S, Sgy o, S10, 513 )
t5Vye  S1, S4. S5, S, S8y o, S10, 512 1
t4Vye  S1, S4. Ss, S, S8, o, S11, 512 !
3V S1, S4. Se5 57,59, S11, S12 !
+2V4  S$1,S3, Ss, Se, Sg, So, S10,S13 l
* Vi S1, S3. S5, S, S10, 513 )
0 S1, S3. S5, S7, S8, 9,510, S12 )
0 S1, S3, S5, Se» S8y S9, 510, S12 1
_Vdc 51, S3a S7,Sg,511,512 T
2V S1, S3, S6,57,Sg, S11, S12 !
3V S2, S3, S5, 57,58, 10, 13 !
—4V4.  S3, S3, Ss, S6,Ss, So, S10, S13 l
“5V4 Sz, 53, S5, 56,58, S0, S11, S13 )
—6V4 Sz, S3, S5, 56,58, S9, S11, S12 1
TV S2. S3, S6, S7, S0, S11, S12 !

Note: (1) denotes charging of capacitor; (]) denotes
discharging of capacitor.

7.0Vqc
6.0Vg,

4.0Vgc
2.0Vq,
0.0

@ Charging

[ Discharging
T/2 T

i 13

-7
S
= -
.
.
,
-

-
o

-
&

-
£

'2-0Vdc 1

-4.0Vq, _LLL

-6.0V4.
-7.0V4e

Ve

t

FIGURE 5. Staircase output voltage with capacitor voltage pattern.

the capacitor maintains self-voltage balancing. Depending
on the principle of charge balance, capacitor value can be
determined using [20] as
I,
C=_—_—"2
2nf , AV,
where, I, is the peak value of load current and f, is the
frequency of the output voltage.

(12)

Ill. MODEL MODULATION TECHNIQUE

The nearest level control (NLC) has been applied, as a low-
frequency technique for gate pulse generation. In NLC, the
sinusoidal reference signal Viye is compared to the staircase
output voltage waveform Vggir, as shown in Fig. 6. The
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FIGURE 6. a) Level generation in NLC and. b) inverter switching logic.

comparison creates pulses, which are then utilized to generate
gate pulses based on the switching logic of the proposed
topology shown in Table 1.

By considering Fig. 6, the constant carrier signals L to L,
are represented for N output voltage levels as

L1 =05L,=1+05,......: L,
=m—-2)4+05L,=mn—-1)4+0.5 (13)
where, n = (N-1)/2.

The output voltage with M as the modulation index is
obtained as;

N -1
Vour = Mx X Ve X cos (wt) (14)

The modulation index M can be varied in NLC by changing
the Vref and can be defined in (15).

_ A
C N = DVae
The conventional NLC switching angles can be determined
using the following relationship:

ajzsirf] (i—O.S) (16)

n

(15)

where o = switching angles,i=1,2,3.....n.

IV. COMPARATIVE ASSESSMENT

A comparative study is carried out in this part to highlight
the prominent aspects of the proposed topology and evaluate
its feasibility in comparison to existing topologies. Table 2
provides a comparison of the suggested topology with state-
of-the-art 15-level MLIs suggested in [14], [15], [16], [17],
(18], [191, [20], [21], [22], [23], [24], [25], [26], [27], [28],
[29], and [30]. The 13-level MLIs presented in [7], [8],
and [14] require switches with high TBV and capacitors
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TABLE 2. Comparison table for different MLI-topologies with proposed topology.

Top. N, G Ny Ngw N¢ Nep TBV Np Ny Cr n (%)
71 13 1:6 1 13 3 13 33 2 0 492 95.90
8] 13 1:6 1 14 3 14 30 1 0 477 91.50
[14] 13 1:2 2 14 2 11 18 0 0 485 9535
[15] 13 1:15 1 12 4 11 34 0 0 469 96.12
[19] 13 1:3 1 13 3 13 14 3 0 415 96.5
[20] 15 1:35 3 8 0 8 30 0 0 9.20 952
22] 15 1:1 3 10 0 10 12 0 0 720 938
[26] 15 1:1 4 12 0 11 36 0 0 15.73 96
27] 15 115 2 10 1 10 34 1 0 747 95.8
28] 15 1:1 3 10 0 9 36 0 0 74 93
23] 15 1:3.5 1 12 0 12 32 0 3 393 93
24] 15 1:6 1 16 0 16 32 0 1 393 90
125] 15 1:35 1 12 0 12 12 0 3 2.60 92
129] 15 1:0.5 1 24 12 24 4 12 1 513 92
[30] 15 12 1 12 6 12 21 0 7 440 94
[P] 15 1:7 1 13 1 13 13 0 2 2.8 96.4

Ni= Number of levels, G = voltage boost ratio, Njg=number of input dc sources, Ngy=Number of switches, Nc=Number of flouting
capacitors, N¢=Number of capacitors, Ngp=Number of gate drivers, TBV = Total blocking voltage, Np= Number of diodes, Ny= Number of
transformers, Cr=Cost function, n= Efficiency,

with high breakdown voltage, The voltage ratings of these
components are high. These factors lead to an increase Cp
due to the increased voltage rating of the components. The
Topologies presented in [15], [16], and [19] require less
components. However, the voltage gain of these converters
is reduced which limits the voltage boost action of these
converters. The proposed 15-level converter offers a voltage
gain of 7 which is the highest among the reported 15-level
topologies in [20], [21], [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], and [32].

It is observed from Table 2 that the topologies presented
n [15], [20], [21], [22], [26], [27], and [28] demand more
than a single dc source. The staircase output can be generated
without a capacitor in the case of topologies demonstrated
n [20], [22], [26], and [27]. However, these configurations
require more input DC sources than the proposed topology
which may not be feasible in a given system and is considered
a less viable option. The single source MLIs are discussed
in [23], [24], [25], [28], [29], and [30]. However, the
advantages provided by these MLIs are overshadowed by due
to the extra cost of the additional source. Therefore, single
source-based MLIs are preferred.

The total blocking voltage (TBV) of an MLI is an
important factor for comparison, determining both the price
and the requirement for switching devices. The TBV of MLIs
proposed in [7], [8], [14], [15], [23], [24], [26], [27], and [28],
is higher, whereas in the MLIs proposed in [19], [20], [21],
and [22] is less than 20. The topology suggested in [29] has
the lowest value of TBV. The next higher value of TBV is
12 which is reported in [22] and [29]. The proposed 15-
level isolated converter requires switches having TBV across
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the switches equal to 13. The reduced value of TBV of the
proposed converter shows its cost-effective feature.

The efficiency of the various power switches in the steady
state is calculated using PLECS software. An output voltage
with a peak magnitude of 350V is produced when the
input voltage is set to S0V. The conduction, switching, and
power losses of semiconductor devices are included when
estimating and comparing efficiency. The proposed topology
has a peak performance of 97.1% at a rated power output of
700W.

A cost comparison is also presented in Table 2 to compare
the prices of the topologies. The Cost Factor, Cr is determined
as follows:

__ Nis(Nsw + Np + Nc + Ngp + Nt + TBV)

C
F N,

a7

The proposed topology has the lowest cost factor, demon-
strating the virtues of the proposed isolated MLI. When
contrasted with other topologies, the suggested topology has
the lowest component cost, competitive TBV, and higher BF.
As a result, the suggested topology’s lower cost is reflected
in the reduced number of switches.

V. RESULTS AND DISCUSSION

A. SIMULATION RESULTS

The simulation results of the proposed 15-level inverter have
been discussed, and PLECS software has been used for
this purpose. To examine the effectiveness of the 15-level
inverter, a source with a magnitude of 50V is used. For the
pulses of different switching elements, Nearest Level control
(NLC) technique has been used. The simulation performance
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FIGURE 7. Responses of proposed SC-MLI with variations of input voltage
from 50V to 80V.
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FIGURE 8. Responses of proposed SC-MLI under load change: Output
voltage, load current, and capacitor voltages.

analysis of SC-MLI is evaluated for various steady-state and
dynamic loading conditions.

The transient test for output voltage when a sudden change
in input voltage from 50V to 80V is conducted in simulation
when the connected load is (90€2 + 60 mH). Fig. 7 depicts the
output voltage, current, and switched capacitor voltage, When
the input voltage is increased from 50V to 80V, the capacitor
voltage similarly increases from 50V to 80V, as well as the
output voltage level is maintained at 15 levels without any
oscillation.

VOLUME 12, 2024

400
Output Voltage (V)

T RArey

-400
(@

Output Current (A)

®)

Floating Capacitor Voltage

T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
©

FIGURE 9. Responses of proposed SC-MLI with Modulation index (Mq)
change.

Dynamic responses of the proposed SC-MLI from full-
load (902+60mH) to half-load (45Q+30mH) are tested
keeping the input fixed (50V). The ripple in the floating
capacitor voltage fluctuates within 10% of its maximum
value, which is acceptable. As shown in Fig.8, the transient
is quite smooth and does not interfere with the functionality
of the proposed inverter. The waveform clearly confirms the
stability of the proposed SC-MLI under load variations and
gives satisfactory results in all operating conditions with self-
voltage balancing of the capacitor voltage.

Further, the dynamic responses of the proposed SC-MLI
under a varied modulation index are tested. Fig. 9 shows
the performance of the proposed SC-MLI under the external
disturbance in the modulation index (M,). in intervals from
(t =0 sec to t = 0.075 sec), the reference phase modulation
signals are generated with M, =1.0 and a frequency of 50Hz.
Then another external disturbance is applied in M, from
1.0 to 0.80, 0.60, and then 0.40, as shown in Fig. 9. As the
modulation index decreases, the levels change. It is clearly
observed that the proposed SC-MLI has a high response to
modulation index changes and also the inverter is able to
produce 7 levels with lower modulation index.

VI. EXPERIMENTAL VALIDATION

The proposed 15L isolated MLI topology is validated in the
laboratory and the laboratory prototype is shown in Fig. 10.
The Texas Instruments (TI) digital signal processor (DSP)
F28379D is used to generate the gate pulses using the nearest
level control technique (NLC). The battery supply, TDK
Lambda GEN300-11 is used as a DC input source and an
input voltage of 50V is applied across the input of the
proposed converter, which generates a peak output voltage
of 350V with a voltage gain of 7. The load is connected to the
output terminals of the proposed converter. The parameters
of the proposed MLI topology are presented in Table 3. The
power ratings transformers, 77 and 7, are identical, which

90789


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

IEEE Access

A. Awadelseed et al.: Single-Phase 15-Level SC Boost Multilevel Inverter Topology

FIGURE 10. Laboratory prototype of the proposed 15-level inverter.

TABLE 3. Specifications of components.

Parameter Rating
Switches G60N100 IGBT
Capacitor PG6DI (450V and 2200uF)
Controller FPGA Vertix-5 (XC5VLXS50T)
Gate Driver GDA-2A4S1
dc power supply TDK Lambda GEN300-11
Input dc Link Voltage 50V
Output Voltage 350V (peak)
Fundamental Frequency 50 Hz
Inductor 100mH, 50mH
Resistive Load 25,50,150 Q

is 1000 W each. The turns ratio of transformers 7 and T are
1:25 and 1:5, respectively.

Fig. 11 shows the waveforms of the output voltage,
Vo, voltage across the secondary of the transformer, 77,
and voltage across the secondary of the transformer, 77,
respectively. From these waveforms, it is observed that the
voltage across the secondary of 77 is quasi-2-level AC output
voltage while the voltage across the secondary of T is 5-level
AC output voltage. The load is connected across the series
connection of secondaries of transformers, 77 and T,. A 15-
level single-phase output AC voltage appears across the load,
and each level is equal to the magnitude of DC input voltage.

Fig. 12 shows the waveforms of voltage across the
switched capacitor, C, output voltage, v, and load current,
ip. Corresponding to the load demand of 700W, the current
waveforms also possess 15 levels.

Now the performance of the proposed 15-level isolated
MLI is tested under changing load conditions. For this
purpose, the load connected across the output of the proposed
converter undergoes a step variation in load demand from
300 €2 to 150 €2, at a time instant of t=0.5sec. As shown in
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FIGURE 12. Waveforms of output voltage (Vo), load current (/p), and the
voltage (V¢) across the switched capacitor for R-load.

Fig. 12, this change is reflected in the increase in load current.
The initial value of load current, (I) as observed in Fig. 13
is 0.84A. After a time interval of t=0.5sec, the load current
increases from 0.84 to 1.65A. During the step variation in
load demand, the voltage across the switched capacitor, C,
remains balanced.

Fig. 14 shows the waveforms of output voltage, V,, load
current, lo, and secondary currents of transformers, 77 and
T,, respectively. Since the secondaries of 77 and T, are
connected in series, therefore, identical values of current
flows through the load, secondaries 77 and T,. This can
be observed from Fig. 14. From all of these experimental
findings, it can be concluded that the proposed 15-level
MLI operates as anticipated, self-balancing capacitor voltage
while preserving boosting capability.

The suggested inverter is tested under RL-Load to investi-
gate further its stability under changing load circumstances.
Output waveforms for a sudden inductive load change from
(502+100mH) to (2524-50mH) are shown in Fig. 15 (a).
The number of levels decreases as the modulation index (M,)
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is decreased. The number of output levels changes from 15 to
13 as the M, is changed from (1 to 0.8) as shown in Fig. 15 (b).
It is observed that as the load varies, the current magnitude
varies as well, but the output voltage levels stay constant in
both scenarios.

The SC-MLI efficiency is further analyzed at different
loads versus the output power using PLECS software and
power quality and energy analyzer as depicted in Fig. 16. The
efficiency achieved using PLECS software is relatively high
97.1% at an output power of 700W. While the efficiency of
the experimental prototype at 700W is 96.4%. The efficiency
for various load conditions and proposed inverter output
parameters are calculated and presented in Table 4.

The harmonic spectrum of output voltage and load current
of the proposed being operated with voltage gain 7 is
illustrated in Fig. 17 (a) and (b). THD values in output voltage
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and load current are 6.9% and 0.7%, respectively, as shown
in Fig. 17 (a) and (b).

The various obtained simulation and experimental results
for the proposed SC-MLI for resistive and inductive load are
illustrated in Table 4.
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TABLE 4. Summary of results.

R - Load RL - Load
Simulation Experimental | Simulation | Experimental
Results Results Results Results
Vie s0v so0v 50V s0v
fs 50Hz 50Hz 50Hz 50Hz
Vims 314.5V 312.9V 315V 314.2V
Lims 3.00A 294 A 3.10 A 3.08 A
P, 700W 700W 700W 700W
n 97.41% 96.8% 97.1% 96.4%

HARMONICS

HARMONICS

FIGURE 17. Harmonic profile of the (a) 15 level output voltage, and (b)
load current (50 2, 100 mH).

VII. CONCLUSION

This study proposes a novel multilevel inverter topology.
In contrast to existing topologies, the proposed topology has
better performance characteristics in terms of the number of
switches, capacitor voltage rating for higher voltage gain,
self-voltage balancing of capacitor voltage, lower cost, and
higher efficiency. A precise comparison investigation has
demonstrated the above advantages of the suggested topol-
ogy. These minimized power loss features of the proposed
SC-MLI make it suitable for applications that demand low
voltage and higher power ratings such as photovoltaic-based
distributed power generation applications. The proposed SC-
MLI can sustain voltage across the switched capacitor even
during step variations in load demand. The efficiency of the
converter for a rated load of 700 W is observed to be 97.1%.
Some future works include Optimizing the number of power
switches and transformers used to obtain higher levels and the
use of SiC devices to minimize the overall losses. Also, the
proposed topology will be further extended for three phases
to achieve a high-power inverter.
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