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Graphical abstract Abstract

. Randomly installed distributed generators (DGs) in households may cause unbalanced
aipec govercbon e s tvechonal J line curent in a distibution network. This research presents a battery energy system for
balancing of line current in a distribution network involving multi units of single phase

i@f

photovoltaic (PV] distributed generato s). In this paper, the PV generators were

Comnect e 3 phase simulated consisting of a buck-boost DC converter and single phase DC/AC
I inverter. It was connected to the distribution line through the low voltage 220 volt 50 Hz.

The proposed phase balancing system uses battery energy storage and three single

phase bidirectional inverters. The inverter is capable of injecting current or absorbing

umunes v power from the line to the battery. This inverter operation is amranged to balance each
TEE— - distribution line separately, as well as to improve other power quality parameters, such
as voltage and cument hamonics. Simulation results show that the system was capable

of improving the unbalanced line curent from 15.59 % to 11, 48 % and unbalanced line

et e st Dutemrius homacebce. voltage from 1.76 % to 0.58 %. The system was able for increasing curent harmonics
B 5171972 Standart v from 0.98 % 1o 1.03% and voltage harmenics from 38.9 6% to 39.08%.

KeywcmSingIe Phase Photovoltaic, Battery Energy Storage, Phase Power Balancing,
Power Quality
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1.0 INTRODUCTION appropriately and correctly, is durable and provi
dependable service. Baftery energy storage is used 1o

Energy can be stored on a large scale e.g. using dams smooth the output fluctuations of the entire system of
for water or reservoirs for oil/gas. Ideally, the electrical hybrid PV and battery. One of the most important
energy produced, should be distibuted to customers. factors for the studied PV based distributed generation
Unfortunately, photovoliaic [PV) energy has to be (DG) is in terms of efficiency are: {i) it con”d'irecfly
stored, beca this energy is not capable of being convert PV power to the elecmcw systtem; (ii) it can
produced at night or periods of cloudy days. Energy exiract stored energy from batteries if PV power is
storage then becomes an important ﬂing to ensure insufficient, and (iii) it can store energy into batteries, if
the power supply continues over time. e most widely the PV power is abundant [1]. There are two models of
used as a storage for PV systems is the battery bank, PV generator connected to the distribution network or
cause it is inexpensive and simple to manufacture, grid, namely: (i) single phase PV generafor is
reliable, and well understood technology, when used connected into the three phase four wire grid through

a three phase DC/AC inverter and (i) multi-unit of
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single phase PV generator is connected at random
into the three phase four wire grid through a single
phase DC/AC inverter. The existence of DG in the form
of a single phase PV generator of households scale
randomly inserfed in a community can cause
unbalance phase power in the distribution network.

Research on the modeling and improving the quality
of grid connected PV generation/ battery system have

n proposed. Researchers investigated PV array
connected fo the grid through a buck-boost DC/DC
converter and optimized the output of PV using mppt
and DC/AC inverter [2]. Other quality improvement
methods such as the use of multievel inverters are also
propaosed by researchers [3]. Method of phase power
balancing for diesel generator hybrid has been
proposed by researchers [4]. Unbalanced power in
every phase is compensated by varying the power for
charging batteries. Under power loaded is increased
by higher power of battery charging. However, the
systerm only discussed on power balancing and did not
focus on the wunbalanced wvoltage. Phase power
method to balance the use of artificial inteligent in the
hybrid system of diesel generator-battery has been
done [5]. Unbalanced current and voltage s
confrolled by four amms inverter, which is supplied by
batteries or renewable energy sources search on
modeling and analysis of single-phase PV generator,
connected fo the three-phase four-wire grid, through
three phase DC/AC inverter supplied battery energy
storage has been done. However, in this study there
was no detailed discussion on methods to balance the
current and voltage phase between PV generator
and grid [4]. Research on the battery energy storage
to regulate the balance of power between PV
generator and non-inear load connected grid
considering power gquality parameter at the point PCC
bus has been caried out by [7]. The weakness of this
study only considers the impact of integration system
of PV/battery hybrid against current harmonics.

The paper presents to balance of phase current and
voltage due to the presence of multi-unit of single
phase PV distributed generators (DGs) installed in large
quantities at random in the three phases four wire
distribution networks. The proposed system use the
battery energy storage and three single phase
bidirectional inverter for improving power quality
issues. Power quality parameters studied are the
voltage and current unbalanced, as wel as
harmonics.

2.0 METHODOLOGY

Figure 1 shows the proposed model of multi units of
single phase PV distributed generators system and
phase balancing with battery energy storage. It is
connected to the three phase four wire distribution line
through the low voltage 220 volt and 50 Hz. The circuit
consists of multi circuit mod umbering four single
phase PV generators, a buck-boost DC/DC converter,
and single phase DC/AC converter (Figure 1). The

circuit is then combined with battery energy storage
and subsequently entered into the distribution netwoli/
through three single phase bidirectional inverter. A
maximum power point fracking (MPFPT) is affached in
the PV generator to maximize the power, while the 3-
phase bidirectional inverter regulates the battery
energy storage for injecting or absorbing current from
the network. Analysis of unbalance line current and
unbalance line voltage caried on point of common
coupling (PCC) bus refers to the ANSI/IEEE 241-1990
Standard.

This research also investigates impact of integration
of four single phase PV distributed generators supplied
battery energy storage to power quality (harmonics
current and voltage) on the side of three phase four
wire distribution network. Power quality analysis is
performed by determining Total Harmonic Distortion
(THD) of current and voltage on the PCC bus of
distribution network. Harmonics values are compared
against voltage and current THD is based on the IEEE
Standard 519-1992 as the basis to determine level of
power quality in the proposed model. Analysis of
current unbalance, voltage unbalance, and power
quality is performed before and after four single-phase
PV generators combined with battery energy storage

aough three single Ehose bidirectional inverter.

Circuit breakers (CBs re added fo realize the
operation mode of this systern.

oW b

r
=
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A
V

Figure 1 Proposed model of multi units of single phase PV
distributed generators for phase power balancing with
battery energy sforage
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2.1 Photovoltaic Array Model

Photovoltaic cells consist of a p-n junction made in a
thin wafers or layers of semiconductors. There are a
number of types of solar cells made of different
materials. The material is usually monocrystalline or
polycrystalline silicon. The ideal solar cell is the one
which current source is connected in anfiparallel with
a diode as shown in Figure 1. When the cells exposed
to sunlight, the direct curent generated which value
varies linearly with solar radiation. The model can be
developed, including the effect of shunt resistance
and series resistance. The equivalent circuit of the
single diode model for PV cell is shown in Figure 2 [6].

T
@ 3

Figure quuivalen’r circuit of photovoltaic cell based on single
diode model

The output current of PV panel can be derived from
Kirchhoff§liows, as expressed in the equation Ipy = lgh -
la - |p where v is the cel current, lpn is the
photocurrent, Iz is internal diode current, and I, is the
shunt current passes through the p-n junction. PV
module consists of several PV cells connected in
paralel or series dependind®n power of PV modules.
The power of a PV module is limited to a few hundred
watts. When higher power is required, the PV modules
connected in series and parallel to obtain the PV
array. The theoretical model of PV array developed
from single PV cell. The general equation of curent
and voltage of the solar cellis given as follows:

'q"l’"- .._l v
)rpp =Im_1({_fn=fm _Iﬁ[{)lA}TJ —]}—R—d
P (1)

1

Where, Ib is saturation current, Va !diode voltage is
expressed in volts, K is Bolizmann constant, Fis PV c
idedlly constant, g is number of electrons, Tev Is
temperature of the cell, R: is series resistance, Ry is
paralel resistance. The equivalent circuit of PV cells
arranged in parallel Np and Ns series is shown in Figure
3 [é], the current and voltage PV array becomes:

[ ¥y IR 1]
AR R,
Nk | NV.IN
Ly =N1I,~1I|e T g
P

Where Np shows the number of modules in parallel.
Notes that each module consist of N: cells connected
in series. Ns;, Igh related to short circuit current of PV
array

-
- <
==

Figure 3 Electrical equivalent of sclar aray circuit

1
2.2 Battery Model

Battery is the main storage fechnology used in PV
systems. Various types of battery models have been
developed for different application fields. For
example, the electrochemical models are used in the
design of batteries. The models describe the battery in
its very detail using a set of six coupled differential
eqguations. Another example is the electrical circuit's
models in electrical engineering, which focus on the
electrical properties of the batteries. Although these
models describe the battery accurately. A simple
equivalent battery is shown in Figure 4 [6]. A various
models show predicts battery behavior to varying
degrees of accuracy. The circuit models of the intemall
resistance and transient behavior of the battery using
the series and two branches of RC circuit.

Figure 4 Equivalent circuit of 2nd order Randle model

1

Figure 4 [6] shows a second gder Randle model
circuit where R, is the intemal resistance of the
battery's terminal and inter-cell connections. The other
resistances and capacitors are used to model the cell
dynamics. The battery model takes info account of
the battery state of charge (SOC) and the deep of
charge (DOC). Where, the first branch R and C; is
associated with the battery’'s SOC, the second branch
Rz and C: is associated with the battery's DOC.
Furthermore, the second order Randle models voltage
generator (Vocv) models the open circuit voltage
(which is a voltage of the cell when it is rested) as a
function of SOC. It depends on the SOC, temperature,
and also the design of devices. The battery voltage is
expressed as follows;
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R R, (3)

Vg = Vo (SOC) =Ty | Ry + ——— 4+ ——2
BATT ocv ( ) }mﬁ( 0 L+ 3R C, l+.s-R2C‘2]
K(1+3K)) J (4)

Viar = Voo (SOC) =Ty Ry _JM?T((1+.§'K1)(1+.§'K_,)

R, =R e(—K,(1-50C)) (5
_ Ry 8)
' DOC
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s0C = 1—?"_{ IpupdrT (7)

1
DOC =1— I, dr (8)
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Where Vear is battery voltage V, Vocv is battery
voltage generator V, lsar is battery current A, SOC is
the state of the charge of the battery, DOC is the
deep of the charge of battery, Cn is the batftery
capacity, C (iavg) is the current dependent battery
capacity, Eo is the open circuit voltage when the
battery is fully charge, Rio is the first RC branch
caonstant in Q, t1 is the first RC branch time constant in
sec, K1l is a constant, Rz is the second RC branch
constant in Q, 2 is the second RC branch time
constant in Q.

2.3 Battery Energy Storage

Battery energy storage consists of two po a battery
and a bidirectional converter circuit. Bidirectional
converter is a converter that is capable of raising and
lowering the wvoltage in both directions. When
bidirectional converter uses to charge the battery
energy storage, bidirectional converters is operating
on buck mode or lowers the volfage. When
bidirectional converter uses to discharge the battery
energy storage, bidirectional converters A operating
as boost mode or raises the voltage. Bidirectional
converter has two switches which are used to turn
buck or boost mode and change the direction of
current flow charging and discharging the battery
energy sforage. Battery energy sré:ge circuit is
shown in Figure 5. Equation 9 and are used fo

model  bidirectional  converter in continuous
Conduction Mode [8, 9].
ViV, -V
L= a( Jils cj) [9}
A FVpe
Al
T (10)
B 8FAV,

In this paper, the battery energy storage functions
to balance line current and voltage in three phase

rwire low voltage 220 volt 50 hz distribution nefwork
by compensating the unbalance current of each
phase. The operation of battery energy storage is
regulated according to energy Elanagement system
before and after connected to three phase four wire
low voltage distribution network. The PCC wvoliage

distribution netwa is fixed by utility grid. The battery
energy storage functions fo balance the power of
each phase s@Ehthat the grid still supplies the balance
power to three phase four wire low voltage
distribution network [?].

Figure 5 Model of battery energy storage

2.4 Single Phase PV Generator Model

Figureashows the model of single phase PV generator
[10]. The circuit consists of PV array, boost-buck
converter&rcuit, and single phase DC/AC full bridge
inverter. A boost-buck type DC/DC converter is
proposed as the first stage with reguloledipul
current inductor and full bridge circuiisiivith the line
frequency of 50 or 60 Hz is applied on DC-AC stage,
which generated a pure sinuscidal curent. The circuit
operates eiiar in boost and buck mode. Since only
the boost DC/DC converter operates with high
swifching frequency all the time in proposed system,
the efficiency is improved [11]. And because of that
equipment is only one high frequency power
processing stage in personal computer (PC), the
reability can be greatly increase [12].
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Figure 6 Single Phase PV Generator Model

2.3 Voltage and Current Unbalance

There are several standards that can be used to
determine the level of voltage unbalance in three-
phase systermns, e.g. IEC, NEMA, and IEEE. In this study,
the value of unbalance voltage use Equation 11 is
based ANSI / IEEE 241-1990 standard [14] as follows:

-V )
a b emingr max )(100% “]}

avarage

Vﬂ Varage
V(%)=

By using Equation 11, value of unbalance voltage
expressed in percent (%) and is defined as follows;
Vavarage 1S the average value of maximum voltage on
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E}cse a, b, ¢, (volt), Vape min is minimum voltage on
phase a, b, ¢, (volt), Vab.c mex i§ maximum voltage on
phase a, b, ¢ (volt ). By using the same equation, then
the percentage of unbalance current can be
calculated by replacing the voltage magnitude into
the current magnitude.

3.0 RESULTS AND DISCUSSION
Table 1 shows devices, parameters, and design values
of simulation data multi units of single phase PV with

battery energy storage.

Table 1 Simulation Data

Devices Parameters Design Value

Each single phase PV Active Power 0.6 kW

generator Temperature 250C
Irradionce 1000 W/m?
Three phase grid MW Asc 100 MV A
Voltage (L-L) 380 volt
Frequency 50 Hz
Transformer Power 50 kVA
Voltage 20/380 kV
Frequency 50 Hz
Three phase load Acftive Power 1 kW
Voltage 380 Volt
Frequency 50 Hz
Low voltage Resistance R=0,1273 Ohm
distributed line Inductance =9337 mH
3 phase 4 wire Capasitance @Dj 274 UF
LC filter Resistance =2 Ohm
Inductance L=10mH
Capacitance C=10pF
Battery Type Nickel Metal Hibrid
DC Voltage 400V
Rated Cap. 100 Ah
Initial SOC 100%
Bidirectional Inductance 6 mH
Converter

Capacitance 1 WF
Capacitance 2 pF
4

Switching Freq.

Mod. Index 08

Frequency 50 Hz
Three single phase Switching Freq. 4 kHz
Bidirectional inverter Mod. Index 08

Frequency 50 Hz

Figure 7 and 8 show a phase current of three-phase
four-wire grid on the bus point of PCC bus, before and
after multi units of single phase PV distribution
generators (DGs) combined with batftery energy
storage (BES) and three single phase bidirectional
inverter. Figure 9 presents inverter current.

Figure 7 Phase cumrent of three phase four-wire distribution
network on PCC bus before multi units of single phase PV DGs
combined with BES

Figure 8 Phase cumrent of three phase fourwire disfribution
network on PCC bus after multi units of single phase PV DGs
combined with BES

Figure % Inverter curent after multi units of single phase PV
DGs combined with BES

Figure 10 and 11 show a phase voltage of three-
phase four-wire distribution newaork on the PCC bus,
before and after multi units of single phase PV DGs
combined with battery energy storage and three
single phase bidirectional inverter. Figure 12 presents
inverter voltage after multi units of single phase PV DGs
combined with BES.

Figure 10 Phase voltage of three phase four wire disfribution
network on PCC bus before multi units of single phase PV DGs
combined with BES

P
’:‘-(
Tl

Figure 11 Phase voltage of three phase four wire distribution
network on PCC bus after multi units of single phase PV DGs
combined with BES
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Figure 12 Inverter voltages after multi units of single phase PV
DGs combined with BES

From Figure 7, 8, 10, and 11, we get phase current
and voltage of three-phase four-wire grid on PCC bus
before and after multi units of single phase PV DGs
combined with battery energy storage and three
phase bidirectional inverter. The value of maximum
phase current and phase voltage on each phase
([phase A, B, and C) is inserted into Equation 11 to
obtain the value of current and voltage unbalance
based ANSI/IEEE 241-1990 Standard [14].

Based on the maximum curent and wvoltage on
phase A, B, and C, we get the value of current and
voltage unbalance of three-phase four-wire grid on
PCC bus before and after multi units of single phase PV
generator combined with battery energy storage
three single phase bidirectional inverter, which the
results are shown in Table 2.

Table 2 shows that, before mulfi units of single PV
DGs combined with battery energy storage and three
single phase bidirectional inverter, the peak curents in
phase A, B, and C are 39, 33 and 45 ampere
respectively which generates an unbalanced line
current of 15.3%2 %. On the condition after multfi units of
single PV DGs combined with battery energy storage
and three single phase bidirectional inverter, the peak
current in phase A, B, and C are 40, 36, and 4é
amperes respectively, thus causing the unbalance line
current reduces to 11.48 %.

Table 2 Unbalance line cument and voltage

No. Parameter Phas Max Unbalance
e (%)
Before 1 PV DGs combined with BES
A 39
Cument [A) B 33 15.39
1 C 35
A 280
Voltage (V] B 2%0 1.76
C 285
After 1¢ PV DGs combined with BES
A 1.21
Curent (A) B 0.87 11.48
2 C 1.02
A 290
Voltage (V] B 295 0.58
C 290

Table 2 dlso shows that, before multi unit of single
phase PV DGs combined with battery energy storage

21

and three single phase bidirectional Eerier, the peak
voltage in phase A, B, and C are 280, 290 and 285 volts
respectively, which produces the value of unbalance
line voltage of 1.76 %. On the condition after multi unit
of single phase PV distributed generators combined
with battery energy storage and three single phase
bidirectional inverter, it is obtained the peak voltage
on the phase A, B, and C are 290, 295, and 290 volts
respectively, as well as resulls decline of the
unbalance line voltage of 0.58%.

The research also investigates the impact of the
combination multi units of single phase PV DGs with
battery energy storage to power qudlity on three
phase four wire low voltage of distribution line 220 volt
and 50 Hz. Power quality analysis is done by
determining the value of current (THDi) and voltage
harmoni Dv) on the bus PCC of distribution
network. Figure 13 shows the harmonics spectrum of
current (phase A) in three phase four wire on the bus
PCC of distribution network after multi unit of single
phase PV DGs combined with BES and three single
phase bidirectional inverter. By the same prosedure
the wvalue of current (THDi) and voltage harmonic
(THDv) in phase B and C can be defermined, to obtain
the average THD of current and voltage, which the
results are shown in Table 3.

Selnced sl 15 cycin. FFT o ol | eycin

.

(b) Harmonic spec TrLJm of current [pEase A)
Figure 13 Hamonic spectrum of current (phase A) in three
phase four wire grid on the PCC bus after mulfi units of single

phase PV DGs combined with BES

Table 3 Current and voltage harmonics

No. Parameter Phas THD
e

Av-THD (%)

Before 14 PV DGs combined with BES

A 1.1
Current (A) B 0.83 0.98
1 C 0.96
A 29.77
B 35.72 38.96
51.39
After 16 PV DGs combined with BES

Woltage (V)

A 1.21
Current (A) B 0.87 1.03
C 1.02
A 29.97
B
@

35.77 39.08
51.50

Voltage (V)
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Table 3 shows the average value of current harmonic
(THDy) of three-phase four-wire distribution network on
the PCC bus, before and after multi units of single
phase PV DGs combined with baftery energy storage
and three phase bidirectional inverter, increase from is
098 % to 1.03%. Both the average THD wvalues of
current is still below the 5% limit of harmonic currents
based on IEEE Standard 519-1992 [15]. Table 3 also
shows the average value of voltage harmonic (THDv)
of three phase four wire distribution network on PCC
bus, before and after multi units of single phase PV
DGs combined with battery energy storage and three
single phase bidirectional inverter rises started from
38.96% to 39.08%. Both the average value of voltage
harmonic (THDv) has exceeded the 5% limits harmonic
voltage based on IEEE Standard 519-1992.

4.0 CONCLUSION

A method for balancing line current and line voltage
as a result of a multi unit of single phase PV DGs in
household installed at random in the three phase four
wire low voltage distribution line 220 V and 50 Hz using
battery energy storage and three single phase
bidirectional inverter has been presented in this paper.
In this paper also has been presented the impact of
combination multi units of single phase PV distributed
generators with battery energy storage to power
quality on three phase four wire distribution network.
From the analysis, combination of multi units of single
phase PV DGs with battery energy storage and three
single phase bidirectional inverter to three phase four
wire distribution network able to reduce unbalanced
line current from 15.39% to 11.48% and unbalance line
voltage of 1.76% to 0.58%. Reviewed from the power
quality parameters, the combination of a multi-unit of
single PV DGs with battery energy storage and three
single phase bidirectional inverter to three single phase
four wire distribution network able to increase average
harmonic of current from 0.98% to 1.03% and average
harmonic of voltage from 38.96% and 39.08%.
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