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Abstract

This modest paper presents a study on the energy quality produced by a hybrid system consisting of a Photovoltaic (PV)
power source connected to a battery. A three-level inverter was used in the system studied for the purpose of improving
the quality of energy injected into the grid and decreasing the Total Harmonic Distortion (THD). A Maximum Power Point
Tracking (MPPT) algorithm based on a Fuzzy Logic Controller (FLC) is used for the purpose of ensuring optimal production
of photovoltaic energy. In addition, another FLC controller is used to ensure DC bus stabilization. The considered system
was implemented in the Matlab /Simpower environment. The results show the effectiveness of the proposed inverter at three
levels in improving the quality of energy injected from the system into the grid.
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1. Introduction

Global interest in clean and renewable energy sources
(RESs) has been growing exponentially. Solar energy is
gaining in importance as a renewable source due to advan-
tages such as low maintenance, no noise, no fuel cost, and
low wear and tear due to the absence of moving parts [1—
6]. The energy conversion efficiency of a PV array is low
and varies with solar intensity and operating temperature [7].
The tracking control of the maximum power point is a key
and complex issue. Therefore, to achieve the maximum ef-
ficiency possible, Maximum Power Point Tracking (MPPT)
control is critical to the success of PV systems. To miti-
gate the problems involved, various tracking control strate-
gies have been discussed in past literature with a view to
obtaining maximum energy conversion efficiency of the PV
array for all operation conditions, such as perturb and ob-
serve [3, 8] and incremental conductance [8—-11]. These
strategies have disadvantages such as difficulty, high cost,
instability and complexity. To overcome these disadvan-
tages, several researchers have used artificial intelligence
approaches such as Fuzzy Logic Controller (FLC) [6, 12—17]
and Atrtificial Neural Network (ANN) [18-22] to obtain maxi-
mum energy conversion efficiency. This study discusses the
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FLC method to deliver MPPT for a PV system. Fuzzy logic
is robust and relatively simple to design, since it does not
require information about the exact model or load level. An-
other element that plays a very important role in solar gener-
ation power systems is battery storage [2, 17, 23—25]. Batter-
ies are used to store superfluous energy derived from solar
irradiance on sunny days and for release on cloudy days or at
night. Battert technology has made considerable advances,
the rechargeable battery has been upgraded from a lead acid
battery to a nickel-based battery and from a nickel-based
battery to a lithium-ion (Li-ion) battery [26]. Nowadays, Li-ion
batteries are widely adopted in portable electronic devices,
such as smart phones, digital cameras and laptop com-
puters. Lithium-ion batteries enjoy higher energy density,
higher terminal voltage and higher power density than other
rechargeable batteries [23, 27—29]. This study integrated
a PV system with a Li-ion battery charging system connected
to the grid via a three-level neutral point clamp (NPC) in-
verter. Multilevel converters are considered to be the most
suitable power converters in renewable energy applications,
especially in developing high-power generators [6, 25]. Mul-
tilevel converters present many advantages when compared
with the standard two-level conventional converters, such as
improved output voltage waveform, reduced harmonic con-
tent, increased power rating, and decreased stress across
the switches. However, their main disadvantage is the bal-
ancing of the capacitor voltages in the DC link [3, 30]. The
operation of a PV-Battery system with a three level NPC in-
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verter was presented by researchers in [3—6, 25, 31-34].
In [3, 5, 31, 32, 34, 35], the authors present a PV unti con-
nected to the grid through a three-level NPC inverter without
a battery system. However, in [5, 31, 32] the system con-
trol of DC voltage, power quality and the method of MPPT
are not discussed, in [3, 33, 34] the authors used the clas-
sical MPPT and in Ref [35] the complete system control is
not discussed whereas power quality (THD) is very impor-
tant for a system using a three-level NPC inverter. In [25] the
authors present a PV-battery system connected to the grid
through a five-level inverter. However, system control of DC
voltage is not discussed or the use of the classical MPPT.
In [6] the authors proposed a PV array connected to the grid
through a three-level NPC inverter using a fuzzy controller
for MPPT. However, in [6] the authors did not use a battery.

In this paper, a hybrid PV-Battery system connected to the
grid via a three level NPC inverter is developed to meet the
following objectives:

e FLC to track the maximum power from PV.

o Effective control coordination among PV, battery, load
and the grid.

e Proposed three-level NPC inverter designed with the
aim of transferring energy produced from PV arrays to
the grid and to helps to reduce the THD from current
injected to the grid.

e Proposed use of a lithium-ion battery to store or supply
energy and to stabilize the voltage of DC bus against
fluctuations.

e Stability between energy produced and energy sup-
plied.

e Improved power quality with THD lower than 5%.

e Proposed control scheme of DC voltage consisting of
two loops: the outer closed loop controls the average
value of the DC voltage with FLC, whereas the inner
loop controls the difference between the two voltages in
each half-arm using a clamping bridge circuit.

The paper is organized as follows: Section 2 describes the
proposed PV/battery system. The modeling and control of
the NPC three level inverters are developed and explained in
Section 3. Supervisory Control System is presented in Sec-
tion 4. The simulation results are presented in Section 5 and
finally discussions and conclusions are given in Section 6.

2. Modeling of the PV-Battery System

The proposed grid-connected PV-battery system is shown
in Fig. 1. The PV array is connected to the DC bus via
a boost converter controlled by a MPPT algorithm to extract
the maximum power. The DC bus is then connected to the
AC bus through the NPC three-level inverter. The battery is
connected to the DC link through a DC-DC bidirectional con-
verter and contributes to the regulation of the DC link voltage
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Figure 1: PV-Battery power system connected to the grid
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Figure 2: Single-diode equivalent circuit of a PV cell

and to power balance the supply and demand of power. A
small L- filter is connected with the inverter output to elimi-
nate high frequency harmonics.

2.1. Modeling of the PV System and Design of MPPT Con-
trol Strategy

2.1.1. PV array model

The electric power generated from the PV array fluctuates
with the operating conditions and field factors such as the
sun’s position angle, irradiation levels and ambient temper-
ature. A solar cell can be represented as a current source
model, as shown in Fig. 2.

Applying Kirchhoff’s current law, the terminal current of the
cellis [4, 24]:

I=1,-1,-1, ©)
V + R,I
IP:R— (2)
p

The junction current is given by:

Li=1 [e(VCﬁS’) _ 1] 3)

The formula relating the current and voltage in the circuit
is:

vest) 1] B V + Rl

=1, -1 [e( i — 4)

P
_ NKT
q

The light generated current of the PV cell depends linearly
on the solar irradiation and is also influenced by the temper-
ature according to the following equation [4, 6, 7, 24, 25]:

4 ®)

Ipy = (Ipva + KiA7) + (6)

e
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Table 1: Proposed system parameters

Parameters of the model of the PV

Type KC200GT
Praxns W 200.143
Voen, V 329
T A 8.21
Ion, A 9.825-107%
R,, Q 415.405
R,, Q 0.221
K,, VIK -0.123
K;, AK 0.0032
a 1.3
Ny 54

DC/DC converter parameters

Chopper type Boost
Semiconductor switch type IGBT
Converter inductor, uH 11
Converter capacitor, mF 1
Battery
Battery type Lithium-ion
Nominal voltage, V 120
Capacity rating, Ah 50

Nominal discharge current, A 21.7391

Bidirectional DC/DC converter parameters

Chopper type Buck-Boost
Semiconductor switch type IGBT
Converter inductor, mH 75
Converter capacitor, uF 2200
DC link voltage, V 600

Three level NPC Inverter

Semiconductor switch type IGBT/DIODE
Snubber resistance, 2 1e5
Snubber capacitor Inf
Internal resistance, mQ 1e-3
Sampling period, uS 1
Frequency, Hz 50

The diode saturation current and its dependence on the
temperature may be expressed by:

Ixc,n + KIAT

(lac,/x"'KVAT) -1
aV,

Iy = (7)

The parameters and model constants of the KC200GT so-
lar array, used in this study, are given in Table 1.

2.1.2. Maximum Power Point Tracking (MPPT)

Fig. 3 shows the basic circuit configuration of a DC-DC
boost converter with an MPPT controller. A capacitor is gen-
erally connected between PV panel and the boost circuit to
reduce high frequency harmonics [36].

MPPT algorithms have been proposed to automatically
find the PV panel operating voltage that produces the max-
imum power output. Several MPPT techniques exist in the
literature ranging from the simplest methods such as Per-
turb & Observe [3, 8] and Incremental Conductance [8, 9]
to more sophisticated and complex ones. In this paper, an
MPPT algorithm based on fuzzy logic control (FLC) is pro-
posed. Similar FLC-based MPPT controllers were proposed
in [6, 17]. The basic scheme of a FLC is shown in Fig. 4. The
inputs are the error E and error change dE; the output is the
PWM duty cycle variation dD.

Where Kg, K;z and K p are scaling gains selected to
achieve the desired transient and steady-state response

PV Array Boost Converter

Figure 3: Boost converter circuit and MPPT control
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Figure 4: Building blocks and structure of a FLC

characteristics [6, 12—-14, 16]. The universe of discourse
for each input and output variable is divided into three fuzzy
sets defined by triangular membership functions and labelled
as NS (Negative Small), Z (Zero) and NB (Negative Big) as
shown in Fig. 5. The fuzzy rules used to determine the con-
troller output are summarized in Table 2. The defuzzification
is based on the popular center of gravity method.

2.2. Battery Energy Storage System (BESS)

2.2.1. Li-lon Battery Model

The modeling approach is based on the equivalent circuit
of the battery shown in Fig. 6. Where R represents the con-
ducting resistance and the resistance from leading wires, R1
and C1 represent effects caused by mass transport, R2 and
C2 represent effects caused by the charge transfer and the
electrochemical double layer. The model will therefore in-
clude a State of Charge (SOC) controlled voltage source and
its equivalent impedance [23, 26, 27, 37].

2.2.2. Battery Control System

The objective of the control system is to regulate the bat-
tery current in order to obtain the required power. Charging

Table 2: Fuzzy Control Rule Table

dENE NS Z NB
NS NS NS z
z NS Z NB
NB Z NB NB
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Figure 6: Equivalent circuit based Li-ion battery model

and discharging current limits and maximum SOC limitations
are also included in the model. The BESS is connected to
the DC grid via a bi-directional Buck-Boost DC/DC converter,
as shown in Fig. 7. The BESS will operate in charging, dis-
charging or floating modes depending on the energy require-
ments and these modes are managed according to the DC
bus voltage at the BESS point of coupling. Consequently, the
BESS is required to provide necessary DC voltage level un-
der different operating modes of the microgrid. When charg-
ing, switch Q; is activated and the converter works as a boost
circuit; otherwise, when discharging, switch Q; is activated
and the converter works as a buck circuit. When the voltage
at the DC link is lower than the voltage reference, switch Q;

DC-DC bidirectianal converter

Figure 7: Battery with bi-directional buck-boost DC/DC converter

is activated. Alternatively, when the voltage at the DC link is
higher than the voltage reference, switch Q, is activated. The
PV-battery system response to transient variations is charac-
terized by an inherent time constant. In such cases, capaci-
tors along the DC grid can act as virtual inertia to supply the
shortfall or absorb the surplus of energy [2, 25, 29, 38, 39].
The DC-link power balance can be expressed by the follow-
ing differential equation:

Vaciac = Ppv + Ppar — Proad (8)

Neglecting the losses in the power converters, battery, fil-
tering inductors and transformer and also the harmonics due
to switching actions, the power balance of the integrated hy-
brid distributed generation system (DGS) with energy stor-
age is governed by:

dVy,
Vaciae = Cvc
deld d. dt

= Ppy + Ppyt — Proad (9)

The objective of the battery converter is to maintain con-
stant voltage at the DC link, so the ripple in the capacitor
voltage is much lower than the steady-state voltage.

If the powers injected by the two back-to-back voltage
source converters (VSC) are assumed constant at any par-
ticular instant, the power from the battery is responsible for
adjusting the capacitor voltage. Therefore, the transfer func-
tion from P, to V. is given by:

Viels) 1
Pou(s)  CVycs

(10)

Considering that the battery voltage remains constant at
any instant:
Ppar = Voarlpar (1 1)

Equation (11) becomes

Vdc(s) — Vbat
ibat(s) CVdcs

(12)

Equation (12) suggests that linear first-order dynamics
exist between the battery current and the DC link voltage.
Therefore, the reference value of i, can be generated using
a voltage feedback control loop based on an FLC controller
as follows.

iy = (FLO) (V3. = Vae) (13)
Vo = Vel ; Vi (14)

The FLC used here is similar to the one used in the MPPT,
which will be presented in the following section. A hystere-
sis controller is then used to control the DC-DC converter
switches Q; or O, to adjust the battery current i, (Fig. 8).
In addition, the control signal is constrained within limits so
that the actual charging/discharging current will be as per the
specification of the battery and this will, eventually, enhance
the the longevity of the battery. The inner current control loop
is to force the battery current to follow the reference gener-
ated from the hysteresis control.

— 275 —



Journal of Power Technologies 97 (4) (2017) 272—-282

,,
dc =

Limiter i Hysteresis
C bat Gating Pulses Qg
FLC [ :®—> _[l- NN
_

Product
Comparator

Figure 8: Overall structure of the battery controller
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Figure 9: Topology of the three-level NPC converter
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3. Modeling of the Three-Level NPC Inverter and Control
Scheme

The topology of the three-level NPC converter is shown in
Fig. 9. For the operation of this converter, five configurations
are used. Table 3 presents the electrical magnitudes that
characterize each configuration (with M as the origin of the
potentials and Vi, (K = A, B or C) as the potential of node
K of arm k (k = 1, 2 or 3)). The DC voltage sources U,
and U, are provided by the rectifier (GSC). The modeling of
a five-level NPC converter is discussed in more detail in [3,
5, 6, 25, 30-32, 34, 40].

3.1. Modeling of Intermediate Filter and Clamping Bridge
Control

3.1.1. Model of the intermediate filter

The clamping bridge consists of a transistor in series with
resistance, inserted to improve and stabilize the DC-voltage
dynamic [41]. The intermediate filter scheme with clamping
bridge is shown in Fig. 10.

The mathematical model of the intermediate filter is given
by:

Cr%e =1 - Iy - L In =%
and C 15
{ Cz"Z,” =-hL-I,-1Ip I, = ‘,/g—? (19

I Ia1
1 > > »
f In I
T _L J_ C1 Vel
Ry D T]dﬂ
Io >
Iz l Ic2
- |
Tz _L = C2 Vie2
Ry E] T In
Iz » » >

Figure 10: Intermediate filter structure with clamping bridge

3.1.2. Clamping bridge control

The control algorithm, which controls the clamping bridge,
is applied separately for the upper and the lower stages. The
algorithm compares, in real-time, the differences (4U1,) in
the DC voltages of each stage to zero. If the difference is
not equal to zero, the excess of energy will dissipate through
resistance. The control algorithm of the clamping bridge is
given as follows:

AVir0= 1, #0& I, =0 (T, =1&T, = 0)  (16)
AViy = Va1 = Ve

{ AV =11 =0&1,#0(T; =0&T, = 1)

3.2. Inverter Control

Pulse-width Modulation PWM converters for grid-
integration of DG sources and their control strategies
have been an ongoing research area over the last few
decades [1, 6, 32, 34, 40, 42, 43]. The control strategy
proposed in this paper is illustrated in Fig. 11 and consists
of an outer power control loop for regulating the desired
amount of power injection and an inner current control loop
for controlling the current.

It is assumed that the grid supply and the output from
a three phase VSC are ideal voltage sources. The load and
voltage currents are transformed into the a — 8 reference as

follows:
ve | [2 [ 1 -
vs | V3|0

] 2!
g | V3|0
In the stationary reference frame and for a balanced three-

phase system, the instantaneous active and reactive power
outputs, seen from the network side, are obtained as:

-
|
=
<
N

} (17)

S
|
o
[\S][98)
< <
o o

|
mmw
|
[(S1{9%)
~ ~
BISY

] (18)

P= 3 (Va.ia + V[j.iﬁ)
{ 0= % (vp-ia = Va-ip) (19)
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Figure 11: Proposed inverter control scheme

To achieve a unity power factor, a Pl control loop is used
to regulate the reactive power provided by the main grid to
zero and provides the reference to the inverter.

4. Supervisory Control System

A supervisory controller was designed to manage the
maximum energy captured from the grid and PV array. Ac-
cording to the flow chart shown in Fig. 12. In the first step, the
supervisory controller compared the power generated and
consumed. If the total power generated is greater relative to
the power request, and if the battery is fully charged, the bat-
tery does not consume power from the PV and the grid de-
creases its production so as to provide stability between the
power required and the power generated. If not, the battery
consumes the difference in energy between the photovoltaic
generator and load power.

If the total power generated is lower than the power re-
quest and if the photovoltaic power is nominal and if the SOC
is greater to 20%, the battery provides the energy to the load
to supplement the power delivered by the PV and grid. The
battery power is often used to ensure stability of the DC volt-
age of the DC bus. Otherwise, the grid increases production
to ensure stability and the grid ensures the production of en-
ergy for the power required.

5. Simulation Results And Discussions

In this article, the proposed control scheme used Fuzzy
Logic Control (FLC) to control the DC voltage of a three
level (NPC) inverter connected to the hybrid (PV-battery)
system integrated into the grid. It is evaluated using MAT-
LAB/Simulink software under variable load conditions. The
proposed system parameters are listed in Table 1. The
amount of power generated/supplied by the PV array de-
pends on the solar irradiation G = 1000 W/m? and tem-
perature T = 293 K. The proposed system is operated in
three possible operating modes depending on the variable
load. The system performance for this situation is shown in
Figs. 13to 19.

e Operating mode 1: when the grid and the PV gener-
ated the same powers to the load between t = 0...0.5 s

Fig. 13 assuming the PV power generating system is
greater than the difference between the load and the
grid power (Ppy > Proaq — Pgria) and assuming the bat-
tery is not fully charged. The excess power of the PV
array also simultaneously charges the battery bank, see
Fig. 14.

e Operating mode 2: when (Prysy = 0.11 MW) the PV
generated the nominal power to the load so the grid sup-
plies power to the grid between r = 0.5...1 s Fig. 13, in
this mode, the battery is able to provide power to ensure
the stability of the DC-link voltage Fig. 14.

e Operating mode 3: when (Pyouq < 0.11 MW) the grid
supplies power to the grid between ¢ = 1...1.5 s Fig. 13.
In this mode, the PV panels can simultaneously supply
tpower to the load, to the battery and to manage the

DC-link voltage of the three-level NPC inverter Fig. 14.

The bi-directional buck/boost converter must have the ability
to switch its operation between the boost and the buck mode,
to be able to charge or discharge the battery power under
variable load conditions.

These simulation tests provided insight into the effective-
ness of the management approach taken and the various
commands used. After obtaining the simulation results, we
ensured equality between the power generated and sought
for different loads applied to this hybrid system, which en-
abled stability to be achieved between the network and the
renewable PV source with storage system.

Fig. 15 shows the wave forme of the grid current, PV cur-
rent and load current respectively. In these Figures, we note
that the current waveforms are sinusoidal and the frequency
is maintained at 50 Hz.

Fig. 16 (a), (b) and (c) illustrate the zoomed of one phase
of the grid voltage with the PV current, grid current and load
current respectively. Fig. 16 (a) and (b) shows that the PV
current and grid current are in & phase with the grid voltage,
which implies that the PV and grid supply the active power.
The grid current is in phase with the grid voltage Fig. 16 (c),
which means that the load consumes energy from the grid
and PV. We note that the amplitude of the grid voltage is
constant, but the amplitude of the grid current and PV are
variable depending on the variation of the load.
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4 ' ] Table 3: Total harmonic distortion for the proposed system
Load PV Grid

12 Load [MWI\THD [%] 0.08 0.12 0.1

1or Grid current 443 479 3.48
§ 8l PV current 434 389 4.28
B Load current 0.15 0.15 0.15
§ 6

4

2 limits are those of international standards such as IEEE1547

o . (THD < 5%). The THD for different load applied is given in

0 05 1 15

Time [s]

Figure 13:
(red)

Distribution of the active power of: load (green), PV (blue), grid

Fig. 17 shows that the measured DC voltage is success-
fully regulated at the reference value of 600 V. The proposed
FLC control algorithm with clamping bridge circuit provides
good control of the DC voltage. Fig. 18 confirms the balance
and the stability of the neutral point. Furthermore, the Figure
shows the differences between the DC voltages (V.1 — Vie2),
which are kept null. This is due to the positive effect of the
clamping bridge and its FLC control algorithm on DC voltage
regulation.

Fig. 19 (a), (b) and (c) show the Total Harmonic Distortion
(THD) analysis of the grid current, PV side inverter current
and load current respectively for the load of 0.1 MW. The

Table 3. From this table we can clearly see that the THD for
the three currents (grid, PV and load) has lower values, with
5% for different applied load (3 mode). We conclude that the
use of the three-level NPC inverter for the hybrid (PV-battery)
system integrated to the grid improves the quality of power
in the system studied.

6. Conclusion

The article focused on the control strategy for a hybrid (PV-
battery) system linked to the grid through a three-level NPC
inverter. In this study, the PV array was connected to the DC
bus through a boost converter to force the PV output to follow
the maximum power. The DC bus then connected to the AC
bus through a three-phase three-level DC-AC inverter. A DC-
DC bidirectional converter connected between the DC-link
and the battery was used to charge/discharge the battery.
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The three level NPC inverter topology exhibits many advan-
tages in terms of modularity, power quality, and capability of
controlling each DC-link voltage separately. The FLC MPPT
algorithm used features good tracking and efficiency perfor-
mance while ensuring stable circuit operation. Various local
control strategies were implemented to enhance the perfor-
mance of the system, including regulation of the DC bus volt-
age. The proposed DC voltage control scheme consists of
two loops: the outer closed loop controls the average value
of the DC voltage by FLC, whereas the inner loop controls
the difference between the two voltages in each half-arm,
using a clamping bridge circuit. Various operating conditions
were presented in simulation to evaluate the proposed man-
agement and control. The simulation results show that the
proposed three level NPC inverter has demonstrated its abil-
ity to provide a high-quality injected current from the PV ar-
ray into grid with a THD of less than 5%. We have provided
stability of the DC bus voltage against variation of the load.
These results show the efficiency of the management and
the controls used for this hybrid system.
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Nomenclature

a

C
lon
I
Lpar

Ipc

Ipy

I sc,n

e

5 oz o~

Diode ideality factor

Input filter capacitance of PV converter
Nominal saturation current
Saturation current

Battery current

DC-link current

Diode current

Photovoltaic current
Nominal short-circuit current
Polarization voltage

Current coefficient

Voltage coefficient

Inductive filter

Cells connected in series

Real power

P bat
P Load
Ppy

Q

Ve
Voen
Vey
Vi
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Battery power

Load power

Photovoltaic system output power
Reactive power

Electron charge

Conducting resistance

Effests caused by mass transport
Effests caused by the charge transfer
Parallel resistance

Series resistance

State of charge of the battery
Tempurature

Voltage in (@ — B) reference
Battery voltage

DC-link voltage

Nominal open circuit voltage
Photovoltaic system output voltage

Thermal voltage
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Figure 14: Battery response (a) Power (b) Current (c) Voltage (d) SOC
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Figure 15: Waveforms currents: (a) Grid, (b) PV and (c) Load



Journal of Power Technologies 97 (4) (2017) 272—282

Order of Harmonic

Figure 19: THD of current measurement for: (a) Grid current, (b) PV current,

(c) Load current
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