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ABSTRACT. This article presents a multilevel multifunction inverter (MLMFI) with a novel controller
for the grid-connection of a solar array. The aim of this work is to improve the technology of the power
transfer capacity of existing transmission lines in order to alleviate the current energy crisis. An effective
mathematical modelling of an MLMFI configuration having two series-connected H-bridges per phase
with isolated solar arrays is presented. A novel closed-loop controller is proposed for reference signal
generation using the PWM technique. With the proposed controller, the power flow in a transmission
line is analysed for daytime and nighttime conditions. The proposed controller performance was
tested on a realistic single-machine infinite-bus power system with midpoint MLMFI using MATLAB
simulation software. The proposed MLMFI-based solar array enhanced the stable power transfer limit
of a transmission line. A comparative analysis between conventional and proposed controllers for power
flow and transient stability studies was also presented. The proposed MLMFT results were validated by
developing an experimental model.
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transient stability, transmission capacity.

1. INTRODUCTION

Electricity demand in the power system in India is
increasing due to the rapid development of industry,
households, and other sectors. Thus, there is a need to
generate more power and transmit it to the customers
to fulfil their demand. Because of development and
promotion from the government in the form of subsi-
dies, solar system utilisation increased with respect to
other renewable sources [I] 2]. However, the irregular
distribution of solar energy due to geographical condi-
tions causes the installation of large scale photovoltaic
(PV) systems in remote or desert areas where the
sun’s radiation is available in sufficient amounts [3].
It results in a high grid impedance because of the
long-distance transmission network. This results in
weak points in the connection of renewable energy
in the system [4, B]. The effect of high impedance
can be eliminated and the power transfer capacity
of transmission networks can be improved by using
power electronics-based transmission systems, such
as High Voltage Direct Current (HVDC) networks [6]
and Flexible Alternative Current Transmission Sys-
tem (FACTS) devices [7]. Transmission line efficiency
and power transfer capacity enhancement are pre-
sented in [§] by using a Synchronous Series Compen-
sator (SSSC) with a comparative analysis between
compensated and uncompensated transmission lines.
The power transfer ability that gets enhanced in a
transmission and distribution network using Thyris-
tor Controlled Series Capacitors (TCSC) is presented

in [9]. The series FACTS controller directly controls
the active power flow by controlling the line reactance.
The shunt FACTS devices control it indirectly by con-
trolling the PCC voltage and phase angle. There are
system stability and power quality issues arising from
the interactions between the HVDC systems, FACTS
devices, and grid-connected renewable sources [I0HI3].
This results in oscillations in the system and makes
it instable. Therefore, to improve the power transfer
capability of the transmission grid, the controllability
of PV inverters needs to be improved so that they can
perform multiple operations, such as reactive power
control, voltage control, and power factor correction.
This results in reducing the cost of upgrading the
transmission grid.

PV plants and FACTS devices have a common
element, the inverter; therefore, PV plants can be
operated as FACTS devices [I4], which can be useful
for both real power generation and reactive power
compensation [I5]. The PV inverter is used as a
STATCOM, which is also called a PV-STATCOM. In
addition to that, the transient stability of the system
is also increased by implementing a PV plant as a
FACTS device [16], as there is greater power transfer
in stable operating conditions. There are different
types of inverters. The conventional two-level inverter
develops a square wave voltage as an output with
a high switching frequency. This output has a high
harmonic content, so it requires large dimensional
filters [I7]. However, the power loss and extra costs
required for carrying the total harmonic distortion
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FicURE 1. Block diagram of the proposed system.

(THD) to the permitted limit [I8] are considerably
high. Therefore, multilevel inverters (MLIs) are domi-
nant in this field due to the improved output power
quality and efficiency [I9] 20]. MLI generates a stair-
case output waveform, which is nearly sinusoidal and
has a lesser amount of THD. There are various pop-
ular MLI topologies described with enhancements in
the conventional H-bridge structure, such as HERIC,
H-6, and H-5 [21] [22]. These MLIs require supplemen-
tary filter inductors. Hence, they are larger and less
suited for grid-connected applications. In addition,
the quantity of active switches in series with the load
during the procedure increases the conduction loss.
A five-level H-bridge MLI is reported in [22]. This
topology has utilised the bidirectional power flow by
using a bidirectional switch in the essential terminal.
This makes the configuration well suited for reactive
power control and grid-connected applications.
Flexible power control techniques for PV plants are
split into two groups: centralised control [23H25] and
decentralised control [26] 27]. In addition, various
PWM techniques and PI controller implementation
with signal processing and modulation index were pre-
sented in [28431], The centralised control required an
additional communication network, which increased
the cost and complexity of the system. The PV in-
verter is used to regulate reactive power based on
remote voltage and active power to mitigate the volt-
age variation produced by the injected power [32H35].
Despite the variety of power controls that have been
extensively studied, it has been found that the reactive
power controller of a normal two-level inverter has
a limit on the utilisation of the solar array during
the night. Hence, there is a research scope mainly
focused on effective control techniques to enhance the
power transfer capability of the transmission network
during the day and at night. This paper proposes
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a novel multilevel multifunction inverter (MLMEFT)
controller to enhance the power transfer capability
of transmission grid. The proposed controller for
MLMEFT uses the PV system both during the day and
at night. The main contributions of this paper can be
summarised as follows: 1) Modelling of the MLMFI
for PV systems; 2) a novel controller to enhance power
transfer capacity; and 3) a comparative analysis of
power transfer capacity.

The paper is structured as follows: Section [2] de-
scribes the modelling of the MLMFT and its controller.
Section [3| presents the simulation and its results. Ex-
perimental validation is given in Section 4 and Sec-
tion [l contains a conclusion.

2. MATERIALS AND METHODS

2.1. PROPOSED SYSTEM CONFIGURATION

The block diagram of the proposed system is shown
in Figure [1] which consists of a large synchronous gen-
erator (1110 MVA) having a DC1A-type excitation
system. The transmission lines T-line 1 and T-line 2
are of the lumped pi circuit type. The PV solar sys-
tem (100 MW) is considered an equivalent multilevel
voltage source inverter. It has a controlled DC source
which obeys the I-V characteristics of the PV sys-
tem. An incremental conductance maximum power
point tracking algorithm is integrated with the main
inverter controller. This MPPT algorithm is used to
extract the maximum power from the solar system at
any time. The extracted power is stored in the DC
capacitor (200F) at the input side of the inverter.
This large DC capacitor also performs a function
to reduce DC-side ripples. During night time, the
solar panels get disconnected and the DC capacitors
get charged by taking a small amount of real power
from the grid. The multilevel inverter is five-level
cascaded H-bridge type. It has two series of connected
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Component

Rating

Synchronous Generator
T-Line 1 & 2
Transformer 1 & 3
Transformer 2

LCL filter

MLMFT Inverter

Solar Array

1110 MVA with DC1A - exciter

100 km, 400 kV

1110 MVA, 22/400kV, Star-Star

100 MVA, 0.208/400kV, Delta-Star

L; =500mH, Cy =100pF, L, = 500 mH
100 MVA, 220V

100 MVA

TABLE 1. Proposed system parameters
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F1GURE 2. BFive-level cascaded H-bridge inverter.

H-bridges per phase with isolated PV panels. The
multilevel inverter converts DC voltage into a staircase
variable-width pulsating voltage which gets filtered
by an L-C-L filter. The parameters of the proposed
system are listed in Table

2.2. MODELLING OF MLMFI AND ITS
CONTROLLER

The multilevel inverter offers various benefits over
a two-level inverter. MLI improves power quality
and efficiency, reduces electromagnetic interference,
harmonics, and voltage stress on power switches. Cur-
rently, multilevel inverters are used in various applica-
tions, such as flexible AC transmission system devices,
energy storage systems, electric vehicle drives, and
renewable energy integrations. The multilevel inverter
has three distinctive topologies: diode clamped, flying
capacitor, and cascaded H-bridge. There are vari-
ous advantages of the cascaded H-bridge multilevel
inverter over other topologies. It consists of a series
of H-bridges with separate DC sources. Hence the
cascaded H-bridge inverter becomes a more promi-

nent topology for interfacing distributed generators
or renewable energy sources to the grid. Currently,
it is expected that the grid-connected inverter will
perform various tasks, such as active power transfer,
harmonic mitigation, and reactive power compensa-
tion, hence the term multifunction inverter. These
multiple functions can be performed by a properly
designed controller.

2.2.1. MATHEMATICAL MODELING OF MLMFI:

It is considered that the cascaded H-bridge multilevel
inverter consists of H-bridges connected in series hav-
ing a separate string of PV panels as shown in Figure[2}
This is a single-stage grid-connected PV system. Here,
it is considered that both the PV strings provide the
same voltage to the DC link capacitor of the H-bridge.
The minimum amplitude of the DC bus capacitance
with time constant is given by Equations and .
Where two 100 F capacitors are connected in series
to meet the value of the DC bus. The total capacity
of the PV array is 100 MW. Therefore, the multilevel
converter produces an output voltage with m levels.
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S1° S4° S3 S2° S1” S4” S3” S2” Vyum
1 0 0 1 1 0 0 1 +2Vy
1 0 0 1 0 1 0 1 +Vu
0 1 0 1 0 1 0 1 0
0 1 1 0 0 1 0 1 —Vu
0 1 1 0 1 1 1 0 —2Vy
TABLE 2. Switching pattern of five-level MLMFTI.
LP where v, is the grid voltage which can be expressed as
Cbus = 12 t1, (1) .
Vbe min vs = vsin(wt), 9)
PR 1 2) where w is the angular frequency of the grid.
YTy fo AC output current dynamic performance of the

The output waveform of the proposed cascaded
H-bridge inverter is having low harmonic content,
reducing the need for filtering. Here, Vi is the
output voltage and Iyy is the output current of
m level inverter, which is stated in Equations
and . This means that the output is having five
values (+2Vy,+Vy,0, =V, —2Vy) depending on the
switching pattern, which is shown in Table [2] Where
1 represents ON and 0 represents OFF. It means that
the output AC voltage waveform has 2m + 1 levels.

Dynamic performance of the PV array is described
by considering a nonlinear voltage-current relation.
Let us consider that the V,,, is the voltage across the
m*™ H-bridge DC link capacitor and Iy, is the current
generated by the m'" H-bridge.

th = Um chma (3)

ihm = umiL7 (4)

where, u,, is the control signal for all H-bridges op-
erated under the five-level modulation so that the
control signal is limited to the values (-2, —1, 0, 1,
2).

Equation represents the power capacity of the
inverter when it is considered to be a lossless inverter

‘/;mihm = thiL' (5)

The output voltage of cascaded H-bridge inverter
Vi is given by Equation @, which clearly shows that
the output is dependent on the output levels.

Vg = Z Vv = Z UmVUem - (6)
m=1 m=1

The system dynamics are given by differential Equa-

tions , , and @

m dt = Z';uVm, - umiLa (7)
LN o P (8)
dt - — mYcm S )

422

MLMFT is expressed by the differential equation

dig )
LE + Riq = voa(t) — Vpeca(t),

where vy, are control signals and vpcc, are the PCC
disturbance inputs.

The output LCL filter transfer function of a mul-
tilevel multifunction inverter is expressed by Equa-

tion

(10)

() 1
Gi S) = il = .
(®) Vats)y Ls+R

(11)

The controller of the cascaded multilevel inverter
has two main outcomes:

1. PV array should be used as to extract the maximum
power regardless of environmental conditions.

2. Feed all generated power into the grid with mini-
mum harmonics and unity power factor.

The first outcome is achieved through a voltage
control loop by regulating the respective capacitor
voltage v.,, to reference the voltage value provided
by the MPPT algorithm. The second outcome is
achieved by injecting the output current i, to follow
the current reference i} expressed by Equation
with fast transient response and zero steady-state
error.

i, = k(t)vs(t) = K(t)V sin(wt). (12)

The current amplitude varies with time so that
the power calculation is only possible when the in-
verter output current is at the reference value. The
average and instantaneous power are expressed by

Equations and .

kT
1 <y
Pavg = ? / Z 1pVm (t)UCm (t)dtv (13)

k—1Ts ™=1

where k is the time instant.

As the input DC power and environmental condi-
tions depend on the solar array, the instantaneous DC
power is
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FIGURE 3. Proposed control system for MLMFI.

P = Z iPVm(k—1) Vem(k—1)s (14)

m=1
where m is the integer representing the number of
H-bridges.
From the above assumptions, the current reference
is given by Equation (|15)).

i1, = K(k — 1)V sin(wt). (15)

Therefore, the output current of the current con-
troller should follow the current reference given by
Equation in order to transfer all the generated
DC power to the grid through the MLMFI. In addi-
tion, the maximum power transfer is possible only if
the voltage controller is set to its maximum value.

2.2.2. MODELLING OF PROPOSED CONTROLLER

The main objective of the proposed controller is to
produce a reference signal. The controller has two cur-
rent control loops in the d-q-0 system. These current
control loops have the grid voltage and load current as
input signals. By using Clark’s transformation, these
three-phase instantaneous quantities get converted
into two phase quantities as shown in Figure[3] Three
phase instantaneous load current is expressed by the

Equations (16), [17)), and [18).

ira =Y Irasin(wt — ¢,), (16)

iLe = ZILC sin { (wt + 2;) — ¢c} . (18)

Now, these three-phase current instantaneous values
get converted into stationary reference frame values us-
ing Clarks transformation expressed in Equation .

iq 1 =05 =057 [ira
il ==10 122 —1.22| |ig (19)
0 05 05 05 | |iLe

It is considered that the voltage vector control is in-
phase with the quadrature axis. Therefore, the Qe
is proportional to i4 only to set ig..y for the current
control loop 1 and send it to PI-1 as shown in Figure[3]
The DC link voltage is controlled by using quadrature
axis component i, using the current controller loop 2
and sending it to PI-2. The MPPT get integrated
with PI-3 to the current controller loop-2 to deliver
the available real power to grid. Switching pulses are
generated with the help of level sift PWM technique
having 5-kHz carrier signal. The reference sinusoidal
modulating signals shown in Figure 3 are converted
from d-q modulating components of mg and m, as

given in Equation .

i 1 0 1] [ma
il =1-05 122 1| |m, (20)
it 05 —122 1] [0

There is an effective way to set Q.¢ by incorporat-
ing a PCC voltage controller to enhance the power
transfer capacity of a system. To achieve a better reac-
tive power exchange between the PV system and the
grid, Id,.; is determined by comparing the measured
voltage (Vpec) with preset reference voltage (Vpee ref)-

The error is then passed through the PI-4 regulator
instead of the reactive power Q Channel control. The
rest of the controller remains the same. Because of
this modification, current control loop 1 regulates the
PCC voltage, and current control loop 2 maintains the
DC link voltage constant as well as the actual power
transfer to the grid. The set point PCC voltage defines
the amount of reactive power exchange between the
PV system and the grid.
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FIGURE 4. Power transfer capacity of system during the day.
Gen. bus Inf. bus PCC parameters
Condition power power Psolar Qsolar Vpcc
[MWAYF] (MW] MW] [MWAr| [pu]
Reactive power 730 —725 19 —0.50 1.010
controller only 851 —839 19 —0.06 1.000
Daytime
Reactive power with 719 —786 91 —0.20 1.008
damping controller 861 -917 91 —-0.20 0.994
Reactive power 731 —708 0 0.00  1.010
controller only
Nighttime
Reactive power with g5 —819 0 ~0.20  1.000

damping controller

TABLE 3. Power and voltage for reactive power controller and damping controller.

In addition, the proposed controller, as shown in
Figure |3} is designed to dampen the rotor oscillations
of the synchronous generator so as to improve the
transient stability of the system. This can be achieved
by considering the line current magnitude as a control
signal and adding its output to Id,.s. The dynamic
behaviour of this is expressed by a transfer function

in Equation .

_ STy 14+ sTh
G(S)_K<1+5Tw> (1+5T2)’ (21)

where, K is the gain, T}, is the washout time constant
that is to be selected in order to allow oscillations, and
T1 and T5 are time constants to obtain a fast settling
time. The controller parameters, set by trial and
error, are given in Table [l The proposed controller
is designed by considering a base generator operating
power, which is also considered a transient stability
limit when the solar system is disconnected.

Parameter Value

PI-1 K,=1, T = 0.0015
PI-2 K,=11T;=01
PI-3 K = 2 T =0.2
PI-4 K =10,7; = 0.0015
Damping T:OlK—lO
controller T =1,T, =0.37

TABLE 4. Proposed controller parameters.
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3. SIMULATION AND RESULTS

The Simulation of the proposed system is carried out
in MATLAB simulation software. Through a transient
stability study of the LLL-G fault, it is calculated that
at 5% damping ratio, the rotor will have 0.95Hz os-
cillations. From the simulation results, it can be seen
that the PCC voltage is limited within 1.1 p.u. and a
settling time of 10s is required for oscillations. The
transient stability study is important to find the max-
imum stable power generation unit of a distribution
generator (DG). The proposed system is to be anal-
ysed in two different cases based on reference reactive
power (Qrey). Case-I: Qrey is determined from volt-
age vector control, and Case-II: Qs is determined
from PCC voltage.

3.1. CAsEe-I

At night, the solar system becomes inactive. In that
condition, the generator output is 731 MW, which is
to be considered here as a base value for the system
analysis. The stable power transfer is shown in Table[3]
where the negative sign represents power drown and
the positive sign represents power delivered in both
real and reactive power.

If the reactive power controller is used along with
the damping controller at night, then the full rating
of the solar inverter is used for reactive power control,
and rotor mode oscillations get effectively damped
out. Figure [4 shows the power transfer capacity of
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FIGURE 6. Power transfer capacity of system during the day.

the system with and without the proposed controller.
In this condition, a very small amount of power flows
from the grid to the solar system, as shown in Table 3]
Negative sign is used to indicate the use of power.

This purpose of this power flow is to charge the
DC-link capacitor and maintain its voltage constant
so that the PV system acts as a FACTS device with
a damping controller. At night, the reference DC-link
voltage is set based on the MPP during the day. The
performance of the solar system, taking into account
the energy exchange, is shown in Figure

During the day, the reactive power controller does
not have much effect on improving the power trans-
fer capacity, but if the reactive power controller is
considered with a damping controller, then the avail-
able inverter capacity after real power generation
(41.5 MVAr) is utilised to improve the power transfer
limit. The improvement in power transfer capacity is
lower during the day than at night. However, Table
shows that the power transfer is 850 MW at night and
851 MW during the day. This happens because of the
increase in PCC voltage to 1.1 p.u.

3.2. CASE-I1

The improvement of the power transfer capacity de-
pends on the reference value of the PCC voltage. Dur-
ing night-time with only the PCC voltage controller,
the output power of the generator is 833 MW when the
Vpcce is regulated to 1.01 p.u., which is greater than
the reactive power controller output. During the day,
the power transfer enhancement is very sensitive to
the PCC voltage reference when PV systems generate

minimum and maximum power.

The transient stability and power flow results are
shown in Table [l for this condition. When the PCC
voltage controller operates with a damping controller,
the rotor oscillations settle more quickly, but the trans-
mitted power is not increased beyond 899 MW due to
voltage overshoot.

Figure [6] shows the power transfer capacity of the
system when PCC voltage is considered for reference
generation during the day. The results show that dur-
ing the night the improvement of the power transfer
is achieved by using PCC voltage and damping con-
trollers, and during the day the objective is achieved
by using damping controllers alone. This was because
during the night, the full inverter capacity was used
to fulfil the objective, and during the day only part of
the inverter capacity was used to increase the power
transfer capacity due to the increase in PCC voltage.

4. EXPERIMENTAL VALIDATION

The hardware implementation was done for a three-
phase system. For each phase, different transformers
were used to couple the inverter to the grid. Each
phase had its own separate driver circuit designed
using IC 4047. This circuit also included a solar panel
and a lead-acid battery. For the three driver circuits,
power supply was provided by four 12V batteries for
each circuit. The proposed prototype hardware is
shown in Figure[7] it consists of a grid, which is con-
nected to the load. 440V supply voltage was used as
the grid, with lamps as a load. The proposed MLMFI
was connected at the point of common coupling. The
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Gen. bus Inf. bus PCC parameters
Condition power power Psolar Qsolar Vpcc
[MWAYr] [MW] MW] [MWAr] [puy]
Voltage controller 719 —786 91.0 —43.5 1.00
only 815 -804 19.0 -13.0 1.00
Daytime
Voltage controller with 755 —817 91.0 —-41.0 1.00
damping controller 823 —813 19.0 -9.0 1.00
Voltage controller 789 —761 —1.5 -95.0 0.97
only 833 —803 -0.3 46.8 1.01
Nighttime
Voltage controller with 855 —824 —0.3 4.0 1.00
damping controller 899 —866 —-1.2 86.0 1.01

TABLE 5. Power and voltage for PCC voltage controller and damping controller.

Battery |::) I

Inverter Driver
Circuit

Multilevel
Inverter

Point of Common
Coupling

Microcontroller
And ADC Ent

FIGURE 7. Experimental setup of MLMFI.

solar panels gave DC values as output. For convert-
ing DC to AC, a multilevel inverter was used. The
multilevel inverter was configured using a MOSFET.
The parameters of the experimental setup are listed
in Table

Parameter Value
Grid L-L Voltage 440V
DC Batteries 12V 3AH
Lamp Load 800 W
Microcontroller PIC16f877a
MOSFET IRFZ44

TABLE 6. Experimental setup parameters

Two H-bridges were used in the inverter for 5-
level output voltage. The output of the inverter was
24 VAC, which was then stepped up to 230V using a
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transformer. The transformer was shunt connected to
the grid at the point of common coupling. The results
were tested on a power analyser for a three phase
output of three separate phases. The load connected
to the system was approximately an 800 W lamp load.
The three-phase, three wire system was selected on
the power analyser. The data were collected with and
without the MLMFT.

Figure [8 shows the voltage and current at the point
of common coupling when the MLMFI was connected
to the grid. Figure 8 shows that the voltage of the
system increased to 431.3 V. The output waveform
was almost sinusoidal because of the LCL filter effect,
and the total harmonic distortion was 1.11 %.

From Figure it can be seen that the current
reached 1.48 A with the help of the MLMFI. The
active and reactive power at the point of common
coupling for an 800 W load are shown in Figure [0
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FIGURE 8. Voltage and current at PCC with PV-MLMFT system.

FIGURE 9. Grid power without and with PV-MLMFTI system.

The active power without the MLMFT system at PCC
was 0.09 kW, with a power factor of 0.80, which is low
for any industrial application. It also shows the value
of the output power of the proposed system using the
MLMFI. It can be seen that with the use of MLMFI,
there was an improvement in grid power capacity from
0.09kW to 0.11 kW. The reactive power was supplied
by the MLMFT system to maintain the voltage within
limits. From these power values, it is clear that by
using this proposed system, there is an improvement
in the power transfer capacity of the grid.

5. CONCLUSIONS

This article presents the modelling of MLMFI and its
controller to improve the active power transfer capa-
bility of a transmission network. It is verified that the
multilevel inverter is best suited for solar array inte-
gration and power transfer capability improvement.
When the solar array is idle at the night, the proposed
controller uses the full capacity of the inverter to com-
pensate for reactive power, and during the day it uses
the remaining capacity of the inverter after real power
generation. This new controller enabled the multilevel
inverter to perform multiple operations, hence the
name multifunction inverter. The MLMFI-based PV
system improved the power transfer capability of the
transmission line from 730 MW to 899 MW at night
and from 719 MW to 823 MW during the day. This
represents a 23 % increase in the power transfer capac-

ity of the transmission grid. In addition, the voltage
profile of the system improved by 9.5%. There is a
power factor improvement from 0.80 to 0.95 achieved
with the proposed system. The proposed novel con-
troller for multilevel inverters for PV grid integration
will eliminate the need for additional investment in
expensive FACTS devices.
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