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Design of a Partial Resonant Inverter for solar photovoltaic applications
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ABSTRACT
This paper presents a solar-powered Partial Resonant Inverter (PRI) interfaced with an asymmet-
rical cascaded nine-level inverter. The DC input of the proposed system is obtained using Solar
Photovoltaic (SPV) panel. The input DC sources fed to the asymmetrical cascaded nine-level
inverter are in the ratio of 1:3. The step modulated nine-level inverter works with a precalcu-
lated switching angle for a fixedmodulation of 0.7. Compared to the conventional 50Hz inverter
and the multi-output transformer design, the proposed system is more compact because of the
high-frequency AC link. The PRI ensures Zero Voltage Switching (ZVS) and reduces the switching
losses. The proposed scheme has been validated in the MATLAB/ SIMULINK environment and
an experimental prototype is built in the laboratory. Based on the investigations the Selective
Harmonic Elimination (SHE)method gives superior performancewhen compared to theOptimal
Harmonic Stepped Modulation (OHSM) method. From the results and comparative analysis, the
proposed system uses fewer switches to obtain the nine-level output, uses the PRI setup with
themultioutput transformer tomake the design compact and improves the power quality of the
system.

ARTICLE HISTORY
Received 29 October 2020
Accepted 16 September 2021

KEYWORDS
Partial Resonant Inverter;
solar photovoltaic;
asymmetric; nine-level
inverter; Selective Harmonic
Elimination

1. Introduction

Cascaded H bridge Multilevel Inverters (CHBMLI) are
used in various applications since they use isolated
DC power supplies, individually for each of the H
bridges [1]. If all theH-bridges of CHBMLI use unequal
DC voltages, then such a configuration is known as
the Asymmetrical Multilevel Inverter (AMLI) [2]. In
the case of a five-level inverter, the two H bridges
of CHBMLI are powered by two isolated DC sources
which are in the ratio of 1:2. To obtain a nine-level
output the DC sources must be in the ratio of 1:3 [3].
Conventionally isolated DC sources are obtained by [4]
using a multi-winding transformer with a diode bridge
rectifier (DBR). Implementation of the setup makes the
system bulky and heavy since the isolation transformer
with multiple output windings operates at 50Hz.

A comprehensive review of Multilevel Inverters and
their reduced structures has been presented in [5]. The
authors in [6] introduced a novel structure with PV
panels for grid applications. In [7] the authors have pro-
posed and validated a reduced switch MLI with mul-
tiple solar PV panels. The drawback of the presented
work is based on the maximum power point tracking
(MPPT). MPPT has to be applied to all the panels and
it becomes a hectic overload. The MLIs using cascaded
H bridges often encounter the problem of unequal volt-
age drops due to the usage of isolated DC sources. This

drawback seriously affects the power quality at the out-
put of the inverter [8]. Themain assumption considered
in the design of anMLI usually includes symmetric DC
sources. However, in practice, it is not so, and it needs
special attention to maintain the DC voltages for the
cascadedHbridges at the desired levels [9]. The authors
in [10] implemented a cascaded control for the grid
integratedmodular inverter. The superior performance
makes the modular inverter feed harmonic less current
to the grid. In [11] the authors have proposed three
configurations of PV-based resonant inverters. They
are high-frequency inverter (HFI) with cycloconverter,
HFI-rectifier-PWM (pulse width modulation) voltage
source inverter (VSI), and HFI-rectifier- line commu-
tated inverter. These topologies require multiple con-
version stages.Moreover, large inductors are needed for
the DC current link and large capacitors are needed
for the DC link. In [12] the authors introduced a reso-
nant inverter that uses 12 bidirectional switches. The ac
link inverter uses the pulse density modulationmethod
(PDM)for switching the 12 bidirectional switches. An
HFI based on the buck–boost concept is implemented
in [13]. It uses four unidirectional and six bidirectional
switches. This topology offers single-stage conversion
and inherent isolation. The authors in [14] proposed a
series partial resonant converter (SEPARC). The reso-
nant circuit elements (Land C) are connected in series.
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Table 1. Comparisonwith various resonant inverter topologies
from literature.

Ref Topology Tank circuit Nsw § φ e η

[12] HF-AC-link-
Inverter

L and C in
parallel

24 ZVS Small Yes Low

[13] AC-link
buck-boost
converter

L and C in
parallel

16 ZVS Small Yes High

[14] SEPARC L and C in
series

20 ZCS Large No Low

[15] Multiport
HF-AC-link-
Inverter

L and C in
parallel

24 ZVS Small Yes Low

[16] Universal
Power
Converter

L and C in
parallel

20 ZVS Medium Yes Low

[17] Sparse ac-link
buck boost
inverter

L and C in
parallel

18 ZVS Small Yes High

[18] Ultra-Sparse
ac-link
buck boost
inverter

L and C in
parallel

10 ZVS Very small Yes High

[19] Extreme-
Sparse

L and C in
parallel

14 ZVS Very small Yes High

Nsw: number of switches; §: switching strategy; φ: circulating Energy; e:
Light Load Voltage Regulation; η: efficiency.

This topology enables zero current switching and does
not require bulky capacitors and transformers. In [15]
the authors presented a multiport HFI. The proposed
system has 16 stages of operation, of which 8 stages are
resonating stages and the remaining 8 are power trans-
fer stages. Galvanic isolation can be achieved by replac-
ing the inductor (L) with anHF transformer. In [16] the
author patented a universal power converter know as a
partial resonant converter (PARC). The PARC consists
of 20 switches and is capable of converting DC power
to AC power using a parallel LC resonant circuit. The
use of HF AC-link reduces the size of the capacitor and
transformer in the circuit. In [17] the authors proposed
a modified PARC with the reduction in the number
of switches. The proposed inverter is also known as
a sparse ac-link buck–boost inverter. It consists of 18
switches and can be built using IGBTs. It is cheaper, less
complicated to control and compact. In [18] and [19]
the authors have proposed anUltra Sparse and Extreme
Sparse ac-link buck–boost inverter which uses only 10
and 14 switches. The ultra-sparse circuit has four addi-
tional diodes which increase the losses in the system.
Table 1 presents the comparison of the various resonant
inverter topologies discussed in the literature.

From Table 1 it is observed that most of the topolo-
gies use zero voltage switching (ZVS) and the switch
count of various topologies have been reduced. Greater
switch count leads to losses in the system thereby reduc-
ing the efficiency of the system. In [13,17,18,19] even
though the switches are reduced, the output power
from the inverter contains harmonics. Therefore, in
the proposed system a partial resonant converter with
reduced switch AMLI is implemented for improving
the power quality at the output of the inverter. To
improve the power quality at the output of the inverter

a suitable PWMmethod has to be implemented. There
have been many contributions in the area of switch-
ing angle estimation for the step modulated multilevel
inverters. Optimization techniques have been widely
used in the estimation of step angles for multilevel
inverters [20]. The authors in [21] have demonstrated
the implementation of a neural network with train-
ing data derived from a genetic algorithm-based (GA)
optimization. The authors in [22] have adopted the
Particle Swarm Optimization (PSO) for estimation of
the switching angles for a five-level inverter. A Modi-
fied Hopfield Neural Network (MHNN) has also been
used for the estimation of the switching angles in a
three-level inverter [23].

For standalone applications as well as the grid inte-
gratedmultilevel inverters, the quality of power injected
should be of sufficient level [24]. Henceforth, the DC
voltages across theDC rails of theH bridge inverters are
maintained constant and the inverter is run with a fixed
modulation index to get a harmonic less AC output.

The sliding mode control (SMC) is used in the solar
PV panel to retrieve the maximum output from the
PV panel. The partial resonant inverter (PRI) associ-
ated with the solar PV panel converts the DC power
available from the PV panel into AC power. In order
to control the proposed system and to maintain the
voltage levels at the desired ratio, a closed-loop control
strategy is implemented with the help of SMC. The PRI
works only if the SMC gives the command to the PRI.

2. Topological description

In the proposed work, a regulated and isolated set of
two DC voltage sources suitable for driving the nine-
level AMLI is designed. The block diagram shown in
Figure 1 uses a single Solar PV panel with a DC-to-
DC boost converter followed by a PRI and a parallel
resonant AC link at the front end. A set of two HF
transformers are used after the partial resonant AC link
and these transformers drive two Diode Bridge Rec-
tifiers (DBR), which deliver the required DC voltages
across the DC link capacitors of two cascaded H bridge
inverter units. The DC link voltages are in the ratio of
1:3 and these DC link voltages are controlled by estab-
lishing the closed-loop control. An SMC is provided for
regulating the DC link voltages at the desired level.

A generic boost converter is used at the front end
where the MPPT control for the Solar PV panel is
implemented using the SMC technique. The front-end
boost converter delivers power to an intermediate DC
link where a battery is connected in parallel. The role of
a battery is to provide the required backup power dur-
ing the absence and inadequacy of solar power. The PRI
is driven from this DC link.

The PRI ensures ZVS and reduces the switching
losses occurring at the semiconductors of the PRI. Since
the resonant AC link has a high frequency (1.35KHz),
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Figure 1. Block diagram of the proposed system.

Figure 2. Topology of PRI.

the size of the transformer gets reduced. The trans-
former’s structure is inversely proportional to the oper-
ating frequency and the flux density [25]. Therefore,
reduced size and weight can be gained by the high-
frequency operation of the magnetic core.

As the size of the transformer gets reduced, the core
of the transformer becomes small, lightweight and the
whole system becomes compact. The proposed idea
has been validated in the MATLAB/SIMULINK plat-
form and an experimental prototype with a 125W solar
photovoltaic power source has also been developed.

3. Partial Resonant Inverter

The PRI is a single-phase inverter with a parallel reso-
nant circuit across the output terminals of the inverter.
The topology of the PRI is shown in Figure 2. The topol-
ogy of the PRI is similar to that of the conventional H
bridge inverter. In addition, there are four diodes, each
of which is connected in series with the semiconductor
switches. Further, unlike the conventional inverter, in
the PRI, the DC source is connected across the nodes
of the inverter and the resonant AC output is available
across the rails.

The four power electronic switches of the PRI are
switched by the switching pulses obtained from the
control circuit. The IGBTs S1, S2, S3, and S4 are
switched ON or OFF simultaneously.

The switches in the same leg (S1, S4, and S3, S2) are
not switched ON simultaneously. The circuit arrange-
ment for producing the switching pulses is shown in
Figure 3. There is a facility for controlling the amplitude
of the output of the PRI by controlling the modulat-
ing index (MI). The frequency of oscillation of the AC
link voltage appearing across the parallel LC circuit is

Figure 3. PRI switching generation unit.

given by,

fo = 1
2π

√
LC

(1)

where L = 14mH and C = 1μf. Substituting the values
of L and C in Equation (1), fo = 1.35KHz. Hence, a fre-
quency of 1.35KHz is used for resonating the AC link
circuit

4. SMC basedMPPT

A solar PV panel is used in the proposed system to sup-
plyDCpower to the entire system.Due to the nonlinear
characteristics [26] of the solar PV system, maximum
power cannot be extracted from the PV panels. For
extracting maximum power from the PV systems vari-
ous maximum power point tracking (MPPT) methods
are used. The maximum power point tracking scheme
ensures that the maximum possible power is derived
from the solar panel, by the real-time changes in the cli-
matic conditions, like solar irradiance and temperature,
which influence the power generation of the PV panel.

The authors in [27] surveyed various conventional
and recently developed MPPT methods. The authors
in [28] integrated the artificial intelligence approach in
MPPT, which eventually increased the efficiency of the
PV system. In the proposed system the input power is
drawn from a solar PVpanel, therefore a suitableMPPT
technique is essential to harvest maximum power from
the PV panel. MPPT has been implemented in the
front-end generic boost converter. The SMC [29] based
MPPT is preferred in the proposed system as it requires
only one real-time parameter, that is the voltage across
the PV panel, to be measured. Figure 4 shows the char-
acteristics of the solar PV panel for constant irradi-
ance of 950W/m2 and change in irradiance of 950 to
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Figure 4. Simulated I-V andP-V characteristics of PV array, (a) at
constant solar irradiance 950W/m2 (b) at constant temperature
10oC.

Figure 5. Solar irradiance with a step change at 1 sec.

700w/m2. For the given environmental conditions, the
harvested power is maximum only at a specific operat-
ing point, and at this point the terminal voltage of the
PV panel and the PV panel current form a unique pair.

The solar PV panel drives the boost converter. The
output of the boost converter makes the battery charge.
Suddenly if the solar insolation is increased from 700
to 950W/m2, then the battery current starts increas-
ing irrespective of the battery voltage. Figure 5 presents
the step change in the insolation level from 700 to
950W/m2. Figure 6 presents the change in the battery
current from 5A to 7A due to a change in the insolation
level. Figure 7 presents the terminal voltage across the
battery.

For a PV panel, the ratio between the parame-
ters Vpmax and Voc is a constant k and this constant
is valid for all climatic conditions namely any solar
irradiance or any ambient temperature [30]. There-
fore, for any given solar irradiance and temperature
the ratio between Vpmax and Voc is also a constant. If

Figure 6. Change in the battery charging current with the
change in the solar irradiance.

Figure 7. Terminal voltage across the battery.

the PV panel is loaded such that the prevailing termi-
nal voltage Vpv across the panel maintains this ratio
with the open-circuit voltage for the given conditions
then maximum power is harvested for the existing cli-
matic condition. Based on this principle the SMC-based
MPPT is operated. The SMC is a nonlinear controller
which is suitable for nonlinear systems. In the case of
SMC, the manipulated parameter is pushed between
two extremes such that the deviation of the controlled
parameter from the desired value is pushed towards the
set value such that the controlled parameter is always
within the acceptable vicinity of the set value [31]. For
example, by the application of the SMC the controlled
parameter may swing between positive and negative
errors of 0.01 about the desired value. This tolerance
can be adjusted to suit the requirement. In the case of
the boost converter, the duty cycle is pushed between
two extreme limits typically 0.1 and 0.5 so that the con-
trolled parameter is just moving about the desired value
with allowable tolerance.

The step-by-step implementation of the Sliding
Mode Controlled MPPT scheme is given below:

Step 1. Keep the power electronic switch in the
boost converter with a minimum duty cycle say
0.1. This keeps the solar panel in nearly no-load
condition. (State = 0)
Step 2.Measure the voltage across the PVpanel and
it is Voc.
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Step 3. Increase the duty cycle to a high value, say
0.5. (State = 1) The voltage gain is now 2 and the
solar PV panel is now loaded.
Step 4.Measure the terminal voltage across the PV
panel.
Step 5. If Vpv > k (Voc) keep State = 1 else go to
step 1.

This basic algorithm is being used for obtaining the
maximum power from the solar PV panel.

5. Modes of operation

The output power from the PV panel mainly depends
on the irradiation and the temperature. A variation in
the output power is observed when there is a change in
the climatic condition. Therefore, the power delivered
to the load also changes with changes in climatic con-
ditions. Tomaintain the constant voltage across the DC
link, battery backup is used.

The basic requirement of the battery is that it sup-
ports the system during nighttime and also during
cloudy days. The battery is charged (during the peak
solar insolation period) when the harvested solar PV
power is more than the demand. The battery can also
be charged during the light load or no-load condi-
tions provided solar irradiation is available. On other
hand, the battery gets discharged when there is no solar
power.

The battery is rated at 35Ah and its nominal terminal
voltage is 24V. The boost converter makes the battery
charge from the solar PV source. The duty cycle and the
voltage gain of the boost converter are considered as 0.5
and 2 respectively. Since the nominal PV panel voltage
is 17.5V, the output of the boost converter will be 34V.

However, since the battery acts as a voltage sink
and is also held up at a nominal voltage of 24V, the
boost converter in its boost action drives the charg-
ing current against the voltage sink. Therefore, constant
voltage with variable current is obtained and is directly
used for charging the battery. Thus, possible scenarios
of operation could be summarized as in Table 2.

6. Design equations of isolated DC sources

In the case of the cascaded multilevel inverters with
equal voltage DC sources, the number of levels that

Table 2. Operating modes.

Component Modes of operation

Solar PV GH GM NG
Battery Charging MD FRD
Load Full Full Full
Battery Status Full Medium Weak Weak‘ Medium
Solar PV GH GM NG GH GM
Load Full Full off no load no load
Battery mode off md off charge charge

GH: generation high; GM: generation medium; NG: no generation; MD:
medium discharge; FRD: full rated discharge.

could be obtained for the output voltage is given by
Equation (2),

n = 2N + 1 (2)

whereN is the number of bridges and n is the number of
voltage levels. To get an output voltage with nine-level
the number of H bridges required is,

N = (n − 1)
2

(3)

However, in the case of an asymmetrical nine-level
inverter, even with less number of bridges more volt-
age levels can be obtained as shown in Equations (4)
and (5).

If the DC sources are given by Vk = 2(k−1), number
of levels in the output is,

n = 2(N+1) (4)

If the DC sources are given by Vk = 3(k−1), number
of levels in the output is,

n = 3N (5)

where n is the number of levels in the output, N is the
number of bridges and k is the index.

For example, withVk = 2(k−1), the different voltages
are in the ratio 1 : 2 : 4 or V1 = 20 = 1; V2 = 21 = 2;
and with Vk = 3(k−1) the different voltages are in the
ratio 1 : 3 : 9 or V1 = 30 = 1; V2 = 31 = 3 and V3 =
32 = 9.

Thus, with two isolated DC sources, and two H
bridges, if the voltages of the DC sources are in the
ratio 1 : 2, the number of levels obtained in the inverter
would be 7. Similarly, if the two DC source voltages are
in the ratio 1 : 3, nine-level could be obtained at the
inverter output. In this work, the proposed nine-level
inverter has been developed with two H bridge inverter
modules supplied by two isolated DC source voltages of
ratio 1 : 3.

7. Selective Harmonic Elimination

In selective harmonic elimination due to quarter-wave
symmetry of a voltage wave, it is only necessary to
find half of the angles α1,α2,α3.....αn. To find the firing
angles, the expansion of the Fourier series is analyzed,
where Equation (6) is obtained.

Hn = 4Vdc
nπ

k∑

i=1
[cos(αi)] (6)

where Hn is the function of the output wave in terms
of Fourier, Vdc is the voltage of the DC power supply,
k is the number of switching angles, n is the odd har-
monics and αi is the switching angle to be calculated.
The switching angles should satisfy the limitations:
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Figure 8. Implementation of SHE for the nine-level inverter.

α1 < α2 < α3 < α4 < π
2 . For any inverter of “k” volt-

age levels, it is necessary to calculate “m = (k – 1)/2”
switching angles, so for the nine-level inverter, it
is necessary to calculate 4 switching angles. Solving
Equation (6) gives the following system of nonlinear
equations presented in Equation (7).

Cos(α1) + Cos(α2) + Cos(α3) + cos(α4) = M × F

cos(3α1) + cos(3α2) + cos(3α3) + cos(3α4) = 0

cos(5α1) + cos(5α2) + cos(5α3) + cos(5α4) = 0

cos(7α1) + cos(7α2) + cos(7α3) + cos(7α4) = 0 (7)

where M is the modulation index and F is the number
of inverter power supplies. By triggering the switches,
a nine-level output is generated in which the third,
fifth, and seventh order harmonics are minimized. By
solving four nonlinear equations, four triggering angles
are obtained. These triggering angles are stored in the
lookup table and are fed as pulses to the switches of
AMLI. Figure 8 presents the implementation of SHE for
the nine-level inverter.

7.1. Calculation of switching angles

In order to solve the nonlinear equations in (7), and
obtain the switching angles Hopfield Neural Network
is used. The HNN method uses the energy func-
tion (Œ) to obtain the ordinary differential equations
(ODEs) and the ODEs are further computed using the
Runge–Kutta 4th order method[32].

Œ = −2(cos(α1) − cos(α2) + cos(α3) − cos(α4)

− M)2 + (cos(3α1) − cos(3α2) + cos(3α3)

− cos(3α4))
2 + (cos(5α1) − cos(5α2)

+ cos(5α3) − cos(5α4))
2 + (cos(7α1)

− cos(7α2) + cos(7α3) − cos(7α4))
2 (8)

From the nonlinear equations the switching angle is
obtained using an energy function and is specified as
follows

dα1

dt
= − ∂E

∂α1

dα2

dt
= − ∂E

∂α2

dα3

dt
= − ∂E

∂α3

dα4

dt
= − ∂E

∂α4
(9)

Equation (9) is solved using the Runge–Kutta 4th
order method to obtain the switching angles. The step-
by-step calculation of switching angles using the HNN
method is shown in Appendix.

8. Simulation and experimental results

Figure 9 presents the simulation diagram of the pro-
posed system. The high-frequency transformers with
the two isolated secondary windings, along with the
two sets of DBRs are also presented in Figure 9. The
parameters used for simulation are shown in Table 3.
The Simulink model of the PRI is shown in Figure 10.
Figure 3 presents the switching pulses for the PRI. In
Figure 3, it is shown that the switching pulses are gen-
erated with a fixed modulation index of 0.45. The DC
link voltage of the H Bridge handling the higher voltage
is 60V. This 60V is regulated by the SMC as shown in
Figure 11.

Figures 12 and 13 show the switching pulses for the
switching modules Y1, Y2 and Y3, and Y4. Figure 14
shows thewaveformof theAC link voltage. TheAC link
resonates at 1.35KHz with an AC link voltage of 80V.
Figure 15 gives the information regarding the Partial
Resonant nature of the AC link voltage. The two iso-
lated DC voltages are obtained from the resonant AC

Figure 9. Simulation diagram of the proposed system.
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Table 3. Simulation specifications.

Solar PV panel

Nominal power output 125W
Open circuit voltage (Voc) 22.2V
Short circuit current (Ioc) 8.2A
Maximum voltage (Vpmax) 17.5V
Maximum current (Ipmax) 7.4A
Partial Resonance Inverter
IGBT 4 switches
Diode 4 diodes
Transformation Ratio of the Transformers
Transformer 1 N1:N2 = 1:1
Transformer 2 N1:N2 = 1:3
Cascaded H bridge Inverter
Nominal source voltage V1 = 20 V (H bridge 1)
Nominal source voltage V2 = 60 V (H bridge 2)
Miscellaneous Components
Filter capacitor C1 = 2200 μF, C2 = 2200μF
Load resistance 10 Ω
Load inductance 10mH
Battery (Lead acid) 24 V,35Ah

Figure 10. Simulink model of PRI.

Figure 11. Switching Pulses for PRI.

Figure 12. Switching Pulses for Y1 and Y2.

Figure 13. Switching Pulses for Y3 and Y4.

Figure 14. Resonant AC Link Voltage.

Figure 15. Partial Resonant AC Voltage across the output ter-
minals of the PRI.

bus bar. Two ferrite core transformers are used and the
primary of these transformers are connected across the
resonant AC bus bar. These Two ferrite core transform-
ers arewoundwith turns ratio 1:1 and 1:3. The output of
the individual ferrite core transformer is separately rec-
tified and two isolated DC voltages are obtained in the
ratio of 1:3. Since the AC link resonates at a frequency
of nearly 1.35KHz, the filter capacitors used after the
rectifiers are also small.

Two different modulation strategies have been
implemented and the results have been obtained. The
first strategy is the optimal harmonic stepped modula-
tion (OHSM) scheme [33]. InOHSM the output voltage
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Figure 16. Execution of SHE in MATLAB.

Figure 17. Switching pulses for the nine-Level Inverter.
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Figure 18. DC Link voltages in the 1: 3 ratio.

Figure 19. Nine Level Output Voltage with OHS PWM.

levels have been uniformly distributed over the entire
period in each cycle.

Thus, a total of five level which includes 0, 1, 2, 3,
4 level in each quarter-wave period has been allotted
uniformly for a period of 1ms. Thus, a total period of
20ms for each cycle has been allotted for all the levels
uniformly divided in each of the four quarter cycles.

In the second strategy, the Selective Harmonic Elim-
ination PWM scheme is adopted. The switching angles
estimated using Hopfield Neural Network [32] have
been developed for the nine-level inverter with a fixed
modulation index of 0.7. Figure 16 shows the imple-
mentation of SHE in MATLAB for the proposed sys-
tem. Figure 17 shows the pulses generated by the SHE
method for the proposed asymmetric inverter.

Figure 18 shows the DC input to the asymmetric
multilevel inverter. From Figure 18 it is observed that
the DC input to the asymmetric multilevel inverter is
maintained in the ratio of 1:3. The boost converter steps
up the solar output voltage from 17.5 to 24V. By the
SMC-based closed-loop control system implemented in
the PRI, theDC link voltages weremaintained at 20 and
60V respectively.

Figure 19 shows the output of the nine-level
inverter using the optimal stepped harmonic modu-
lation method. The harmonic spectrum of the out-
put voltage is shown in Figure 20. From Figure 20 it
is observed that the total harmonic distortion (THD)
obtained is 10.46%, which is much higher than the
IEEE519 standards. Figure 21 depicts the output volt-
age of the nine-level inverter with the SHE PWM
method. The harmonic spectrum of the output voltage
is shown in Figure 22. FromFigure 22 it is observed that

Figure 20. THD of the Output Voltage with OHS PWM.

Figure 21. Nine Level Output Voltage with SHE PWM.

Figure 22. THD of the Output Voltage with SHE PWM.

the lower order harmonics of third, fifth, and seventh
orders have been reduced in the output voltage and the
THD content obtained is 4.51% which is very less and
it satisfies the IEEE519 standards.

9. Experimental verification

Prototype of the proposed system is tested in the lab-
oratory. Figure 23 shows the entire prototype of the
proposed system. Figure 24 shows the prototype of the
inverter module with capacitors and a programmed
pulse generator. Figure 25 presents the prototype of the
proposed system with PV panels. A generic boost con-
verter is used for obtaining the isolated DC sources for
the proposed system.

The boost converter uses the IRF 540 MOSFET, to
harvest power from the solar PV panel and injects that
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Figure 23. Overall Experimental Setup.

Figure 24. Prototype of the Nine Level Inverter Module.

Figure 25. Experimental setup with PV input.

power to the intermediate DC Link. A 12V battery is
connected for backup and during the night hours or
cloudy days when the solar PV is not available, the
battery supplies power to the resonant AC link. The
PRI contains four IRF 540 MOSFET, which is switched
simultaneously to obtain power from the intermediate
DC link and drives the resonantAC link. From the reso-
nant AC link, the power is transferred to two H bridges

Table 4. Hardware specifications.

Controller

Controller IC for the Nine Level Inverter PIC 16F877A
Controller IC for the PRI
Controller IC for the boost DC to DC Converter
Opto Couplers MCT 2E
Solar PV panel
Voc 22.2V
Isc 8.2A
Vpmax 17.5V
Ipmax 7.14A
Boost converter
Switch IRF No Switching frequency 5 KHz
Inductor 500mH
Capacitor 2200 μF
Lead Acid Battery 12 V 35Ah
Partial resonant inverter
MOSFETS IRF 540
Diodes MUR 460
Parallel resonant AC link
Capacitor 1 μF
Inductor 14mH
Resonant frequency 1.35 KHz

Figure 26. Output Voltage Waveform of Partial Resonant
Inverter.

of the nine-level inverter through two diode bridge rec-
tifiers. The single-phase AC load in the prototype is
considered to be 60W and the solar PV panel is with
a maximum rating of 125W.

The parameters used in the experimental verifica-
tion are shown in Table 4. Whenever the solar power
harvested is more than 60W, the battery is charged and
when it is less than 60W, the battery discharges and
meets the load requirement. The AC Link voltage is
maintained constant. Sliding mode control is incorpo-
rated with the PRI to regulate the DC link voltages at
the desired levels. The MPPT is achieved by the boost
converter controlled by the SMC.

The proposed nine-level inverter uses two cascaded
H bridges and these CHBMLIs are individually fed with
the DC link capacitors as presented in Figure 24. The
voltages of the DC link capacitors are in the ratio of
1:3. By switching the eight power switches using the
SHE method a nine-level is obtained at the output of
the inverter. The switching angles are calculated by the
Hopfield neural network and the obtained switching
angles are stored in the lookup table for various modu-
lation indexes. In real-time implementation the pulses
are coded inside the microcontroller and then from the
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Figure 27. Input DC magnitudes of H bridge 1 and H bridge 2.

microcontroller, the connections are fed to the respec-
tive gate driver circuits of the inverter. The maximum
voltage level that could be obtained in the cascaded
nine-level inverter is 16V + 48V = 64V. The various
voltages obtainable are 0V, 16V, 32V, 48V, and 64V
for the positive half cycle and 0V,−16V, −32V,−48V,
and −64V for the negative half cycle. For obtaining
the nine-level output, four switching instants α1, α2,
α3 and α4 are necessary. These switching instants in
the context of step modulation are calculated for every

modulation index to be used. The selected switching
angles α1, α2, α3 and α4 guarantee the desired ampli-
tude of the fundamental with the elimination of the
lower order harmonics.

Figure 26 presents the output waveform obtained at
the Partial Resonant AC link. The root means square
(RMS) value of the AC link voltage is obtained as 57V.
By the control implemented in the PRI, the two DC
link voltages for the cascaded H bridges have been
maintained at 16 and 48V as shown in Figure 27.
Figure 28 presents the experimental output and the
THD of the proposed system with the OHSM method.
The THD obtained for the proposed system using the
OHSMmethod is 13.73%.

Figure 29 presents the experimental output and the
THD of the proposed system with the SHE method.
The THD obtained for the proposed system using the
SHEmethod is 5.57%. In Figures 28 and 29(a) the RMS
voltage obtained is 45V. Moreover, from the experi-
mental results, it is observed that the SHEmethod gives
a lesser THD value when compared with the OHSM
method.

Figure 28. Experimental output of (a) nine-level inverterwithOHSMmethod (b)THDSpectrumof theNine Level InverterwithOHSM
method.
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Figure 29. Experimental output of (a) nine-level inverter with SHE method (b)THD Spectrum of the Nine Level Inverter with SHE
method.

10. Conclusion

This paper deals with the PRI basedAsymmetrical Cas-
caded Multilevel Inverter. Implementing the ZVS for
the switches of PRI, reduces the requirement of snub-
ber circuit, reduces the switching loss and reduces the
switching stress in the proposed system. The DC power
is extracted from the PV source using the boost con-
verter and the obtained DC is fed as input to the PRI.
The input DC sources of the AMLI is maintained in
the ratio of 1:3 to provide a nine-level output. Simula-
tion and Experimental investigations are done for the
proposed system using the OHSM and SHE method.
The use of SHE for the proposed nine-level inverter has
mitigated the selected harmonics of order third, fifth,
and seventh. From the results obtained it is concluded
that the SHEmethod gives superior performance when
compared to the OHSM method. Finally, the inter-
facing of PRI with AMLI makes the system compact,
reduces the weight of the system, reduces the harmon-
ics in the output and improves the power quality of the
system.
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