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ABSTRACT

A modified multilevel inverter with a configurable level generation is proposed in this paper. The
MLI is composed of a modified boost converter at the front end followed by a level generation
circuit and a H-bridge configuration. The front-end converter is biased with a PV source with a
Hybrid boost resonant converter. The switches are triggered out of phase through a MPP tracker
which uses Fractional INC MPPT. The secondary side of the circuit is composed of a derived volt-
age doubler along with the voltage regulator. The output of the doubler is regulated through
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a level converter which integrates a fuzzy controller and a phase shift controller. The modified
multilevel inverter uses a low-voltage PV source as input and generates a variable-step multilevel
output voltage with lower harmonic distortion and it is suitable for low-power PV applications.

1. Introduction

PV (photovoltaic sources) is the foremost energy source
after fossil fuels due to its energy generation from the
environmental hazards. The PV sources have a low volt-
age profile that requires a converter circuit before it to
match the load or grid requirements [1-5]. The PV-
generated DC source is always increased by higher DC
voltage and continues to give DC to DC-AC power
converters. Multilevel inverters are the mostly used
DC-AC converters due to their multilevel in the sine
output with reduced harmonics and increased quality.

The PV source voltage has to be boosted to a
required higher level to meet the appropriate load
or the grid requirements. The traditional boost and
buck-boost converters are the most popularly used pre-
conditioners to boost the low-voltage input. The tra-
ditional DC-DC converters are able to operate with a
voltage gain of about five times of the input voltage with
a moderate efficiency at the duty cycle equal to 80%.
Increasing the output voltage gain would drastically
increase the duty ratio that results in the generation of
greater voltage spikes associated with high conduction
losses and also high reverse-recovery problems in the
conducting diodes [6].

Since PV systems would require a higher static and
dynamic gain around 10-20 times, it is not possible
with the traditional boost converters to produce higher
voltage gain. As, the traditional boost converter suf-
fers from losses due to the presence of switches, diodes
and filter elements. However, increased voltage gain is
possible through extreme duty ratio. But, high peak

current is associated with output diode and it also suf-
fers from serious reverse-recovery problems and higher
current stress. This results in the poor conversion effi-
ciency which limits power output. Hence there is a
demand for a DC-DC converter with higher gain and
high efliciency for a wide range of operations in power
conversion.

Power conversion stages for photovoltaic applica-
tions require a compliant system which is proficient in
responding to a broader range of input voltage and cur-
rent variations. There have been various methods to
adapt large voltage variation and high gain based on
isolated and non-isolated schemes. Generally, the iso-
lated schemes are preferred in order to reduce ground
leakage current, achieve optimal voltage boost ratio
and ensure safer operation when a fault occurs [7,8].
Moreover, the isolated DC-DC stage must maintain
very good performance during light load conditions for
a broader range of PV voltages and also have better
conversion efficiency at full power [9].

A new isolated DC-DC converter with a high gain
is proposed in [10]. This system constitutes a dual-
switch high step-up isolated converter with voltage
boost. Improvement in step-up gain in the proposed
converter is achieved by employing a transformer with
a lesser turns ratio. The converter suffers from the
higher circulating current across the two active switches
which reduce the conversion efficiency. In [11-13], a
continuous-current-mode (CCM) flyback converter is
suggested which benefits in simpler topology and less
circulating energy. But the main switches and diodes
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present in the topological circuit suffer from higher
switching losses and a degraded conversion efficiency
which is typically less than 90%.

In order to improve the efficiency under higher
gain, including transformer leakage inductance would
be an aspect. Hence utilizing the leakage current of
the transformer for zero voltage switching (ZVS) of
the primary switch would reduce the circulating cur-
rents across the switches which, in turn, could improve
the energy efficiency [14,15]. In [16], a series resonant
converter with a voltage doubler at the output end is
proposed to improve the voltage gain, and in [17], an
LLC-type resonant converter is incorporated for high
step-up connections. In both the systems, the converter
tends to operate at appropriate resonance of the LC
circuit. As the PV source is vulnerable to environmen-
tal conditions, the higher voltage variations will push
the converter to operate out of the divergence which
results in increasing circulation energy that leads to the
conversion losses.

The PV system generates power based on the solar
irradiance. When the irradiance varies, the power out-
put varies and it is mandatory to operate the sys-
tem at its peak power. Hence, maximum power point
trackers are implemented. These MPP trackers should
obtain maximum power output efficiency of photo-
voltaic power systems under any climatic conditions
becomes an important issue.

Generally, P&O and INC are the two major MPP
trackers that are utilized due to their simplicity and the
lesser computation complexity. These methods use the
perturbation to track the MPP and suffer from peak
oscillations at the peak point. Due to the peak oscil-
lations, there would be some energy loss to improve
the energy oscillations, a variety of MPP techniques
have been discussed such as voltage feedback method,
power feedback method, INC [18-21], and perturba-
tion and observation (P&Q) [22]. Non-linear behaviour
of the panels, ie. fractional-order change, would be
more accurate to track peak power under larger varying
conditions.

The PV systems would possess a fractional-order
behaviour while the power generated by photocurrent
crosses P-N junction. The relations between the dif-
fusion current and the environmental temperature can
be described as a fractional order. In order to obtain
maximum power point under peak points, this paper
proposes a modified incremental conductance based
on the fractional-order tracking to obtain peak power
transfer under power variations. These trackers operate
based on the power curve profile for a fractional time
to approximate the power variations which suits them
for good power tracking in transient and steady-state
conditions.

This topology comprises a hybrid boost resonant
converter followed by a transformer and a voltage
doubler. The H-bridge is used to produce a bipolar
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multilevel pattern. This work resolves issues in capac-
itor charging, which produces exponential voltage rise
of step voltage that failed to get a full step voltage within
its step time. Therefore, a fuzzy and phase shift con-
troller is used for generating full Ve, in each step of
the output. This is done by giving full D,y to charge
the output capacitors up to 90% of Vp and then the
control is taken by fuzzy that is phase-shifted by the
secondary switches.

2. Configuration of the proposed multilevel
inverter

The block diagram and the multilevel inverter con-
verter circuit of the proposed system are shown in Fig-
ures 1(a,b). The system comprises a front-end DC-DC
conversion circuit which is given as a supply for a
back-end voltage regulator and a level generator. The
voltage regulator is controlled to achieve sine pattern
waveforms and multilevel output is generated by the
level synthesizer at the back end. A fractional tracking
fuzzy maximum power point tracker is implemented to
extract the maximum power from the PV through duty
cycle variations; furthermore, an H-bridge is incorpo-
rated to convert the unipolar wave pattern to the bipolar
form.

2.1. Hybrid boost resonant converter

The front end of the converter is designed from the tra-
ditional boost converter, in which an additional switch
is used to form a hybrid boost resonant converter, as

. Output sine
Hybrid Boost Back end waveform
resonant Transformer converter withn

Converter circuit

[evels

] l

Fuzzy based
Phase shift
control

Incremental
and
conductance
MPPT control

Figure 1. (a) Block diagram of the proposed system; (b) config-
uration of the multilevel inverter.
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Figure 2. Hybrid boost resonant converter.

shown in Figures 2. In this circuit, two cascaded MOS-
FETs are integrated with the inductor in the middle leg.
The overall design is kept simple by reducing the con-
verter topology to two switches and an inductor in the
middle with a constant frequency control.

The circuit tends to operate as a half-bridge reso-
nant converter using the capacitors on the front and
back ends of the transformer. The diodes on the sec-
ondary side maintain the circuit to be resonated per-
petually. A single resonant period of a half-sine period
is considered. The series resonance makes the circuit to
turn ON and OFF by ZVS. Based on the dual switch
operation, both the upper and the lower switches are
triggered. This, in turn, operates the boost converter to
reflect the changes on the output based on the duty ratio
determined.

2.2. Functional operation of the front-end HBRC

The function of the hybrid boost resonant (HBRC) cir-
cuit is explained in different time stages. The voltage
transfer ratio of the HBRC is given in (1), where n
denotes the turns ratio of the step-up transformer and
D is the duty cycle of the switch, S2.

Vo n

= 1
Vin 1 — D, ( )

Stage 1 [to <t < t1]: The switch S2 is off. The cur-
rent flows through the inductor and the diode of
S1 settling its dependent capacitance. This turns
ON S1 under zero voltage switching at #y. Reso-
nance occurs through CI, leakage inductance of
the transformer and capacitors C3 and C4 through
D1. Simultaneously, input current starts charging
C1 and C2. The mode 1 is over when D1 stops res-
onating and the current through the transformer
reduces to zero. The duration of mode 1 is given

by

2
. n\/LZ [ n2(C1 + C2)(C3 + C4) ] o
Cl +C24+n2(C3+C4)

Stage2 [t; <t < tp]:Slisactive and it continues to con-
duct the input inductor current. The resonating
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Figure 3. Waveforms of the resonant converter in the boost
mode.

elements do not conduct current in this period,
while C6 discharges through the load. Now, S1
turns OFF and S2 turns ON terminating mode 2.

Stage 3 [t, <t < t3]: At this stage, the inductor cur-
rent continues to charge C1 and C2 and it starts
decreasing. Switching loss occurs due to the com-
mutation of S1. Now the resonant current flows
through C2, L2 and parallel combination of C3
and C4, through the diode D2. In this interval, the
switch S2 carries the current of the transformer
and the inductor. Mode 3 ends when the current
through the transformer reduces to zero and its
duration is given by

L2C2n2(C3 + C4)
rl = 77\/ (3)

C2 + n*(C3 + C4)

Stage 4 [t3 <t < t4]: The current through the inductor
increases until the switch S2 is OFF and mode 1
resumes. The switch S1 prevents the charging or
discharging of the upper capacitor during modes
3 and 4. The duration of mode 1 is more than
mode 3 and it is based on the sizing of C1-C4 and
the transformer turns ratio. The design involves
the optimization of the duration of the resonant
period. Figures 3 shows the waveforms of the
HBRC.

2.3. Functional operation of the secondary
controller

The output from the front-end boost conversion is
given to the secondary controller which is used to
obtain the DC step wave pattern based on the step
level and the time. A modified voltage doubler with
switches on the secondary side connects forms the



voltage regulation circuit. The secondary MOSFETs are
triggered based on the voltage control with a phase
regulation. Based on the voltage phase change, the volt-
age across the doubler can be altered, which, in turn,
is used to generate the step-level voltage pattern. The
four switches are operated in this cycle, as shown in
Figures 4(a—d).

Stage 1 [to, t1] [Figures 4(a)]: Before t, the switches
§2-S4 are in ON state, whereas the current is reset
to zero. At tg, S2 is turned OFF. The inductor L1
behaves as a current source, thereby releasing the
voltages of the switches S1 and S4. This results in
the switching of S1 and S4 at zero voltage. Thus,
the linear increase of current through the inductor
L2 is given by

nVin

i (t) = (t — to) (4)

.

Stage 2 [t1, t;] [Figures 4(b)]: At t;, the switches S1,
S$3 and S$4 turn ON with ZVS. The voltage of the
circuit will rise towards Viax.

Stage 3 [t, t3] [Figures 4(c)]: At t, S1 and S4 turn OFE
The inductor L2 is charged and the converter acts
as a series resonant converter. Now the resonance
occurs through L2, C1 and C2.

Stage 4 [t3, t4] [Figures 4(d)]: At 3, S1 is ON and the
capacitors C1 and C2 start charging again.

The current i1, and voltage vc; are expressed as
follows.

Vind sTs
ia(t) = nL—ZVJ (5)
ina(f) = Zisinwl +wp(t— 1)) (6)

r

Vei1(t) = nVin — rcos(61 + w,(t — t1)) (7)

where

+ AVc (8)

(9)

P, is the output power and T is the switching period.

2.4. Maximum power point tracking

For any PV system, the output power can be increased
by tracking the MPP (maximum power point) of
the PV module by using a controller connected to
DC-DC converter (usually boost converter). The pro-
posed MPPT uses a fuzzy logic controller based on
duty ratio variations. The photo voltaic system tracks
the sunlight from the panel to give input for the res-
onant converter. But, unfortunately, the output of the
PV system is a sinusoidal waveform which has a high
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Figure 4. (a—d) Equivalent circuits in different stages; (a) [#o, #1];
(b) [t1, t2]; (c) [£2, ts3] and (d) [t3, t4l.

amount of harmonics. Its output is sent to the fuzzy-
based MPPT controller that produces a non-sinusoidal
step voltage waveform with reduced harmonics. When
the voltage is triggered by the fuzzy controller, it delivers
equal voltage to every step of the voltage waveform. The
voltage varies at the regulator as per the voltage increase
in the fuzzy controller. The phase shift controller is
used to convert the output of the fuzzy controller into a
sinusoidal waveform.

2.4.1. Proposed MPPT

The maximum power point tracking is implemented to
ensure the maximum available peak power of the pho-
tovoltaic system to the load. In order to reach the peak
power, the duty cycle of the converter is increased or
decreased based on the voltage and current of the PV
input. The HBRC is triggered alternatively to transfer
the PV power to the transformer and to the load. By
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turning on S2, the inductor charges the energy through
the switch and releases when the switch is off. Alter-
natively, the S1 switch is turned ON to discharge the
inductor energy to the capacitors C1 and C2 through
the transformer. The duty ratio of the switches S1 and
S2 determines the voltage gain ratio of the transformer.
Altering the duty cycle of the converter alters both the
input and the output voltage as well as the current. The
duty ratio can be defined as

ton _ ton

=_o e (10)
fon + foff Td

where switch on o : AIZ' = (Vi/L)ton

switch off tog : AI; = (Vi — Vo/L)tog

Generally, perturb and observe [P&O] techniques
are widely deployed maximum power tracking schemes
for various PV systems. These methods follow a period-
ical perturbation which tends to change the duty cycle
over a period of time which will result in an oscillation
at the maximum power point, i.e. due to the pertur-
bation cycle, the change of the peak power cannot be
exactly determined in the peak power point, the cycle
would determine peak power and tries to operate to
the peak point; in this case, the change of the voltage
and current would be found on the input and the out-
put of the converter; as a result, the next perturbation
would oscillate as the input voltage or current would
start to decrease which results in peak power oscilla-
tion, which, in turn, results in power loss. In order to
minimize the peak power oscillations, the incremen-
tal conductance methods are used. The INC operation
is based on the previous operating point. This reduces
the peak oscillations but tends to reduce the duty ratio
speed to reach the maximum operating point due to the
change of the duty cycle. In order to enhance the speed
of the maximum power point operation, a variable-step
incremental conductance is implemented.

dp

— =0 11

dv (1)
dr -1 Al
— &~ 2 = (12)
dv V-V, AV

2.4.2. Fractional INC
The change of the voltage V, is used to determine the
step size of the MPP tracker. In order to change the
step size, the voltage, power and current are taken as
the inputs and the slopes of the variables are taken as
the reference. Fractional order of the slopes is used to
determine the required step for the duty ratio change.
Figures 5 shows the flowchart of fractional INC.

The fractional-order differentiator is applied as non-
linear feedback control where the generalized fractional
order is expressed as

(13)

Do — a(m+1)
a(m—+1— @)tm—¢

where 0 represents the function and ¢ represents
the derivative and its value bounds under 0 < ¢ < 1.
Implementing the fractional order to the incremental
conductance can be rewritten as

41 (V) — aI(V — AV)

LLNPURST 14
avVe - avao AV (14)

&1 I—al,
dve T (V= V)«

(15)

When o = 1, the slope lies in the straight line, hence
0 < a < 1 forms the fractional-order derivative which
can be rewritten as

d* I, 1\ d*I, d*v;!
=l )=- + (=1Io)
dve \ v, Vo ) AV AVY

(16)
1 )/(2) 1-a V(O) —l-a
=-——F%)———W I, Vo
( Vo> ya—w TRy
(17)

The MPP approximation is done through the vari-
able derivative value o which lies with the slope of
change of power to the differential power which lies on
the curve of @ = 1 of the fractional order that makes
the steady-state error that has a large response over the
steady-state MPP tracking compared to perturbation
scheme.

The change of the voltage, current Av = (V — V),
AI = (I —1,) and the slope Ap/Av of the power-
voltage curve are calculated as the variance. The varia-
tion of the voltage and current with the fractional-order
differentiator can be expressed as d*I = I — al, and
the voltage can be defined as dv* = V — aV,, where «
is the derivative number and initially considered as 1
and decremented as the change of variance.

3. Generation of multilevel pattern

3.1. Generation of the multilevel PWM pattern
using phase shift controller

The output voltage Vi, of the secondary converter
consists of two modes, namely boost mode and buck
mode. The boost mode is the mode having a step volt-
age higher than the maximum voltage, whereas buck
mode constitutes with the lower step voltage. In order
to obtain variable voltage levels, phase shift PWM is
applied to the dual switches of the secondary side con-
troller. The reference signal Vinax and Vi are fixed,
whereas Vi varies with n-step. The main use of the
phase shift controller is to optimize the step voltage
Vistep Which is given by

Vmax

Vstep = (18)

Nstep

The reference signal Vy,x is defined by the number
of levels and the frequency. The time period of the step
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Figure 5. Flowchart of the fractional INC.
waveform of half cycle is calculated as
1
tip=— 19
2= 5f (19)

In the step waveform, the half cycle (increment
mode) works with the boost mode and the other half
cycle (decrement mode) works with the buck mode.
The time period for the every step of the waveform is
given by

t12

Tstep = (20)

Nstep
In the case of the step waveform, the voltage should
be equally distributed in every step with respect to time.
When DC voltage is applied, only 90% of the volt-
age is given. To gain the full output, fuzzy is added
which improves the full voltage. The voltage at the fuzzy
controller is set as V¢ which is given by

(21)

When the DC voltage is given at the switch S4 which
is open, it delivers the output and then fuzzy is imple-
mented to draw the remaining duty cycle from where

ian ¥ anvd Vo | e
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it stops. Thus, the process repeats for n/2 step of the
waveform and it is achieved within the respective time
period. After the incremental step is attained com-
pletely, the controller is switched to the buck mode
which starts to reduce the voltage. When the switch S4is
closed, the voltage drops and it is controlled by the duty
cycle control. The process is performed as mentioned
in the following steps.

Step 1: Consider 350V is fed as input for 10-level step
waveform. Now, the voltage for a single stepis 70 V
at the incremental mode.

Step 2: The time taken for the full cycle of step wave-
form is 20 ms. Hence, 10 ms is required for half
cycle which has 10 steps. Therefore, it is clear that
1 ms is needed by every step for the duty cycle
control.

Step 3: When Vax is applied, the switch S4 is opened.
It starts with the boost mode where the duty cycle
is varied up to 63 V and the remaining 10% of the
duty cycle control is done by the fuzzy. The voltage
is given as Vet = 10% of (AV/ATgtep).

Step 4: After the step achieves the optimum level, the
control is given to start the next duty cycle after a
certain interval.
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Input Voltage

Input Current
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Figure 6. Voltage and current with respect to solar irradiance.

Step 5: The above-mentioned steps are repeated for five
steps of the step waveform and until it reaches
Vmax and the controller shifts to the buck mode
for the reverse process.

Step 6: In the buck mode, the switch S4 is closed, the
voltage drops gradually within the time period of
1 ms and controlled for the next duty cycle process.
The process is repeated for five steps of the step
waveform. Thus, 350V is distributed in 10 steps
for the half cycle which is repeated for the negative
half cycle. The full cycle with applied voltage 350 V
for the time of 10 ms is executed as described.

This results in an array of reference levels equally
distributed with respect to time for every step change.
The sinusoidal signal is compared with the step-change
array to modify the duty ratio. The duty cycle (D,) is the
ratio of the duration of a single pulse width (T},) and the
total time period of the step waveform (Titep).

D= ° (22)
Tstep

When a single step of the duty cycle is finished, the
duty cycle of the next step of the waveform has to be ini-
tiated with the result of the preceding result. The delay
of the duty cycle should be limited and the net value of
the n-step duty cycle is given by

D
ADe = =% 4 ADpiy (23)
n

where ADpyi, the duty cycle of the previous step and
D¢(may) is given by
Vmax
Vin
The output of the fuzzy controller is phase shifted by

comparing the sine waveform of Vi, with two triangu-
lar waveforms that are 180° shifted from each other.

Dc(max) = (24)

3.2. Level unfolding

The output of the converter is fed to the H-bridge
inverter which has four switches (S5, S6, S7 and S8

as shown in Figures 1). The H-bridge inverter is used
to convert m-level DC voltage (V) obtained from
the HBRC converter into n-level AC output voltage
(Vo). When S5 and S8 are switched ON, by the gate
pulse, the positive output voltage is obtained at the
load (V, = +V}). When S5 and S8 are switched ON
and when S6 and S7 are switched ON, the output volt-
age obtained at the load is zero (V, = 0). When S6
and S7 are switched ON, the negative output voltage
is obtained at the load (V, = —V},). Thus, the inverter
generates multilevel AC voltage, as required.
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Figure 7. Efficacy of the converter.
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4. Experimental section

To illustrate the performance of the proposed work, its
model has been simulated and results were obtained.
The same is implemented with the hardware prototype
with a solar input which is kept around 40-60V, the
switching frequency f; is 15 kHz and the fundamental
frequency f is 50 Hz. The front-end converter operates

AUTOMATIKA (&) 245

200
. = 175 ‘
> v T
2 S [
» ] 170 :
a1 2 BANDAALN
> > 1602
oomedpattemofseoondaryvonage
0 L L]
(a)
400
- 300 AN
2 ; s 360
3 YY) NI PN PN
70 > 340
0 L] L] L] L
0 0.1 02 03 04
Time in Sec
(b)

Figure 10. (a) Regulated voltage output at the secondary side
of the transformer and (b) voltage doubler output.

around the DC voltage of 40-60V which is further
boosted and stepped the secondary to transform as an
AC-stepped voltage pattern. The MOSFETs chosen are
IRF540N for the front end and IRF840N for the back
end. The value of the inductor chosen is 680 mH, while
the capacitors C1 and C2 are kept as 47 uF and C3 and
C4 to be 100 pE. The front-end converter is made to
operate under the peak power of the PV panel through
fractional-order maximum power point tracker. The
secondary side step control is regulated through the
fuzzy controller followed by a phase shift controller.

Figures 6 shows the power change of the system with
a step change of the solar irradiance and the change of
the voltage and the current.

Figures 7 shows the convergence efficacy of the con-
verter, in which the power tracking is obtained with
a minimal time without a larger variation of the duty
cycle thatleads to power oscillations. The step change of
input power is tracked with a differential order tracker.

T ffant O

Time (s)

Figure 11. m-level unipolar output from the converter and n-level bipolar output from the inverter.
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Figure 12. PWM wave of the converter; unipolar output from
the converter; load current variation.
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Figure 13. Waveform of output AC voltage of the proposed
configuration for various levels: (a) 5 levels, (b) 15 levels, (c) 25
levels, (d) 49 levels.

The step-change variation and peak oscillation of the
P&O technique and the proposed MPPT are shown in
Figures 8 and 9.

The DC voltage Vi, obtained from the PV panel is
applied to the front converter. Since the output voltage
of the PV array is variable depending on the solar irra-
diation, the front-end converter is operated on the PV
panel peak power by varying the duty ratio. In order
to reach the peak power over a period of voltage, the
power inputs are perturbed. Based on the fractional
power change corresponding to the voltage, the duty
cycle is determined and applied to the half-bridge legs
of the front-end converter with inverted to each other.
The voltage obtained from the converter is switched to

- Current
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Figure 14. Voltage-current (V-/) waveform of the proposed
topology with R-load, RL-load and non-linear load.
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Figure 15. (a) THD of non-linear load, (b) THD of RL-load, (c)
THD of R-load for 25-level output voltage.

the transformer secondary which steps up for a high-
voltage DC and is further split to various voltage levels
programmatically.
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Figure 16. % THD of converter output for a variety of levels.

Figure 18. Hardware set-up of the proposed topology.
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Figure 20. Scope waveform for the inverter output voltage for
various levels. (e) and (f) represent the zoomed view of the
inverter output voltage.

The DC-regulated stepped voltage without the
inverter-connected condition is shown in Figures 10(a).
The transformer steps up the voltage up to a certain
level due to the concern of the size and losses. Hence,
the voltage is boosted to the required value by vary-
ing the secondary switches at the doubler circuit. The
voltage output of the doubler circuit is shown in Fig-
ures 10(b). This circuit also rectifies and regulates the
DC output. Figures 10(b) shows the desired high DC
output voltage.

The waveforms of the secondary DC voltage to the
inverter and the multilevel-transformed unipolar out-
put from the converter and m-level bipolar output from
the inverter are shown in Figures 11.

Figures 12 shows the different duty cycle PWM
pulses to each step of the output. The variation of duty
ratio is shown in the figure for different levels. The duty
ratio is less for the first-level voltage, then it increases
for the second-level voltage and so on. Initially for 90%
of Viep, the duty cycle of each step voltage is Dpax
and after that, it is taken over by the FLC-based phase
shift modulation. Figures 13 shows the waveform of the
output AC voltage of the proposed configuration for
various levels.

Figure 19. (a) PWM pattern of the inverter (b) zoomed view of the PWM pattern (c) PWM and zoomed view waveform of the inverter.
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Figure 21. Inverter output for the corresponding PWM.

Figures 14 shows the voltage and current waveforms
obtained at the output side for different types of loads
such as R-load, RL-load and non-linear load with a
voltage pattern downscaled for representing the current
and the voltage under a phase.

The voltage and current waveforms for various loads
obtained at 230 V are scaled down to 5 V for a clear view
as shown in Figures 14.

Figures 15 depicts the total harmonic distortion
(THD) of the proposed configuration for output volt-
age with 25 levels for three different cases. The
response of the inverter for various load combinations
exhibits lower harmonic contents. As the inverter levels
go down, the harmonic contents may change. It is
observed that the THD reduces with a variety of lev-
els. As the proposed inverter is capable of producing
multiple levels in the output voltage, by increasing the
number of levels THD can be significantly reduced as
shown in Figures 16.

The THD percentage comparison for a variety of
levels with R-load is shown in Figures 16.

From the figure, it can be clearly seen that, as the lev-
els increase, the harmonic content reduces. The above
inverter configuration is validated up to a maximum of
41 levels, which poses higher harmonic contents at the
lower levels and then the harmonics decrease with an
increase in the step levels. The harmonic levels are dras-
tically reduced at higher levels of the voltage step. The
variation of efficiency for different load levels is shown
in Figures 17.

The hardware set-up of the proposed method is
shown in Figures 18. Figures 19-21 show the PWM and
converter output waveforms in the scope with multiple
levels.

5. Conclusion

The proposed multilevel inverter, which generates volt-
age step levels as programmed based on the hybrid
boost resonant converter as the front-end converter
with an MPPT control based on fractional INC,
and a back-end phase shift controller-based pattern
generation with an H-bridge inverter, is designed and
validated with a prototype. The proposed inverter that
is validated against larger PV variations provides a good

tracking pattern with better efficiency and voltage con-
trol. The secondary side phase shift regulation is used
to generate the desired number of levels in the out-
put voltage. The multilevel inverter end is regulated
with a suitable pulse width based on the fuzzy con-
trol. The step generation, initiated with constant duty
with a maximum limit and regulated to the reference
voltage step with the fuzzy control, has been verified.
The multilevel inverter can be programmed to generate
voltage up to n level. The MOSFETs of the secondary
side are turned ON and OFF by the phase shift modu-
lation, while the primary side is regulated to PV power
with fractional INC. The multilevel and the PV power
variations are obtained as expected. The secondary con-
trol is regulated based on the single-step control, in
which each step voltage is controlled partly by DC
input voltage with a constant Dy, and fuzzy-based
phase shift modulation in the ratio 9:1 that provides
a full step voltage and equal voltage distribution over
the cycle. It can be observed from the front-end con-
verter control that the fractional INC produces less
peak oscillations at the MPP compared to the tradi-
tional peak power trackers. Moreover, the input voltage
variation during the step change of the PV power is reg-
ulated at the secondary side to obtain the step levels
with equally distributed voltage. It can be observed that
increased step levels display lower-level harmonic con-
tents. From the results, it is observed that the waveform
for less number of step levels contains lower-level DC
ripples due to slower variations of the potentials, while
it is absent with larger levels that makes the converter
suitable for varying output levels of various power
applications.
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