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Determination of the Optimal Battery Capacity
of a Grid-connected Photovoltaic System with
Power and Frequency Fluctuations Consideration

Chattrin Thongsawaeng*! and Kulyos Audomvongseree*?, Non-members

ABSTRACT

Power and frequency fluctuations are main prob-
lems of a grid-connected photovoltaic (PV) system.
To effectively remedy this problem, appropriate size
of battery should be installed into the PV system.
In this paper, the dynamic model of the photovoltaic
system and battery are discussed. The battery used
in this analysis is lead-acid battery. In addition, the
dependent structure of solar irradiance and ambient
temperature are taken into account. The proposed
algorithm begins with solar radiation-temperature
model. Then, the output power of the PV system
will be calculated based on the PV dynamic model.
The rest of the interconnected power system is mod-
eled as a small synchronous generator. The proposed
algorithm has been tested with a 3-bus test system.
Satisfactory results were obtained.

Keywords: Grid-connected photovoltaic system,
Lead-acid battery, Battery Sizing, Fluctuation, En-
vironment dependence, Copula function

1. INTRODUCTION

Due to the dramatically growth of economy and
industry in recent decades, the fossil fuel consump-
tion has been increasing considerably. However, us-
ing the fossil fuel causes many environmental prob-
lems, especially the global warming. In addition to
the shortage of this kind of fuel, many countries have
been awakened to resolve these problems. Natural
resources, which are considered to be clean (emission
free) and free of fuel expenses, are considered as the
best alternative for electricity generation. The pho-
tovoltaic (PV) system, which converts solar energy
to electricity, is one of those choices. Recently, large
scale grid-connected PV system is more attractive in
Thailand because of its cheaper development cost and
high feed-in tariff offered from the government.

However, using the large scale solar PV has a ma-
jor disadvantage that must be taken into account, i.e.
the generated output power, voltage magnitude, and
electrical frequency are fluctuated due to the inter-
mittent solar irradiance (G) and ambient tempera-
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ture (Tampient). Dispatching these amounts of incon-
stant power to the utility grid will affect the quality
of electricity and particularly stability of the power
network. If the large PV system is connected to a
weak power grid, the fluctuation may cause serious
problem to the system.

Recently, there are many research works, proposed
to alleviate power and frequency fluctuations caused
by the PV system. Most of them aim to control be-
haviors of the PV system’s outputs. The fuzzy logic-
based control may be used to determine the number
of PV modules and to control the inverter of a grid-
connected PV system [1]-[3]. In addition, researchers
in [4] propose the ramp rate control technique of the
PV’s inverter by using a shunt compensator in order
to absorb or supply an insufficient power. However,
these proposed techniques reduce an efficiency of the
maximum power point tracking of an inverter. In
practice, it has been commonly known that fluctua-
tions of PV system’s output can be reduced by three
methods [5], i.e. installation of a battery storage sys-
tem, use of a dump load, and curtailment of the gen-
erated PV’s output power. It is essential that the PV
system should feed all of generated output power into
the main grid to maximize its plant factor in order to
obtain the maximum revenue. Consequently, the first
method sounds more logical and feasible than other
methods.

Currently, there are only a few research works fo-
cused on determining the optimal size of the battery
energy storage system (BESS) to reduce the power
and frequency fluctuations in grid-connected PV sys-
tem. Most of them concern only concepts of how to
integrate the BESS to dispatch electrical power fed
into the main grid [6]-[12]. In [7], a rule-based method
to select the battery size is proposed. It selects the
battery size from the frequency distribution of the dif-
ference between demand and output power of the PV
system. In [13], the battery size is determined from
the difference between daily energy demand and gen-
erated energy from the PV system. However, these
proposed battery sizing methods consider only a sin-
gle scenario of solar irradiance and ambient tempera-
ture. Thus, it cannot be guaranteed that the obtained
battery size is truly best.

The purpose of this paper is to determine the opti-
mal capacity of battery system to reduce fluctuations
of the output power and frequency in grid-connected
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Fig.1: Topology of photovoltaic grid connection

mode of the PV system. The islanding mode is be-
yond the scope of this paper. The optimal size of the
battery system should be installed into the PV sys-
tem. Consequently, the battery will discharge when
the PV system generates power less than the desired
value. Conversely, the battery will be charged when
the generated power from the PV system exceeds the
set point. In this paper, all parts of the PV system,
inverter, converter, as well as the BESS are thor-
oughly analyzed using dynamic models. Addition-
ally, to determine the optimal battery capacity, many
possible environmental conditions are taken into con-
sideration. Thus, the obtained result is more realis-
tic and more robust compared to previous research
works. It can be said that the optimal battery ca-
pacity obtained from this proposed method enables
total output of the PV system to meet the predefined
set point, decrease the throughput fluctuations, and
confine the total investment costs.

2. SYSTEM CONFIGURATION AND MOD-
ELING

The grid-connected PV system used in this paper
can be illustrated in Fig. 1. The system consists of a
PV farm with the BESS, connected to the utility grid
through a step-up transformer located at bus 1. The
utility grid is modeled as a synchronous generator at
bus 3. A constant power load with unity power factor
is located at bus 2.

Mathematical models of each part will be de-
scribed in the following sequence, PV system’s model,
grid-connected PV model, and lead-acid battery
model.

2.1 Photovoltaic System Model
2.1.1 Characteristic Equation

The five-parameter PV model used in this paper
is shown in Fig. 2 [14] where I, is photoelectric cur-
rent, I is diode current, Iy, is shunt resistor current,
Ry, is shunt resistance, Vg is diode voltage, R is se-
ries resistance, I, is photovoltaic current and Vpy
is terminal voltage of the PV. Diode current can be
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Fig.2: Circuit diagram of PV module

defined as

v
I; = Ipexp (n ‘d/T> (1)

where Ij is a diode reverse saturation current, ng is a
number of series cells of module, and Vr is a thermal
voltage that can be defined as

kbATce”
= — 2
. (2)

where kj, is a Boltzmann’s constant, A is an ideality
factor, Teey; is a cell temperature and ¢ is a coulomb
constant.

By applying the Kirchhoff’s current law, its
current-voltage characteristic equation can be defined
as

V Ipv R,
bv:%h:%(wp(Pv+PV>_Q
3)

Vr

Ns VT
_Vev + Ipv R,
Rsh

2.1.2 Dependence of the Parameters on Actual Op-
erating Conditions

According to the I-V characteristic of PV cell,
it is important to be noticed that the PV mod-
ules performance at the actual operating condi-
tions would change from the standard test condi-
tion (STC) which is defined as the environmental
condition at irradiance level (G,) of 1000 W/m?
with an air mass 1.5 spectrum, and at 25°C mod-
ule temperature (Tsrc). Accordingly, the PV pa-
rameters must be modified. Typically, the manufac-
turer datasheet provides essential parameters of the
PV module at STC, such as current at the maxi-
mum power point (MPP) (Lyppn), voltage at MPP
(Vinpp,n), short circuit current (Is,), open circuit
voltage (Voe,n), thermal coefficient of the open cir-
cuit voltage (Ky), thermal coefficient of the short
circuit current (K7), nominal operating cell temper-
ature (NOCT), number of series cells of module (n;)
and power at MPP (P, ). The five parameters at
STC (Iph,n, Lo, Rshon, RsnandAy,) can be extracted
from numerical calculations using the data provided
in the datasheet [14]. According to [15], the modifi-
cation of these parameters should be done as follows.

(NOCT — 20)G n

Tmodule = 0.8G

ambient
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2.1.3 Photovoltaic array and its parameters

In the grid-connected PV gystem, only one PV
module cannot provide sufficient power and voltage.
Consequently, a combination of connection of these
modules is required. The numbers of modules are
connected in series in order to increase the voltage
output of the PV system, which is called “string”.
These strings are connected in parallel to give a higher
current output of the power source. These connec-
tions of PV module are called PV array. To simplify
the model, this paper assumes that all of the PV mod-
ules have the same I-V characteristic, uniform irradi-
ance, and unique temperature on each module.

If the PV array has the number of series-connected
modules per string of Ny and the number of parallel-
connected string to form an array of IV, the modified
array parameters can be calculated as follow [14].

VT@T = VT,module (13)
Ng,ar = Ng X Ns (14)
Ion,ar = Iph X Np (15)
Isc,ar = Isc X Np (16)
Voc,ar = Voc X Ns (17)
N
Rs,a'r = Rs x Fp (18)
N;
Rs ar — Rs -
h, h X Np (19)
Io,ar = Io X Np (20)
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2.2 Grid-connected Photovoltaic Model

The grid-connected PV system used in this paper
is shown in Fig. 3 [16]. This system consists of the
PV array and a double stage inverter. This inverter
has two power control processes. The first one is a
boost converter that is used to control the maximum
power point tracking (MPPT) process. The second
one is a neutral point clamp inverter (NPC). It is
used to control grid current, dc-side voltage, and grid
synchronization. This section is divided in two parts,
i.e. the control system of boost converter and the
control system of NPC inverter, respectively.

2.2.1 The Control System of Boost Converter

The structure of the boost converter shown in Fig.
4 consists of decoupling capacitor, inductor, diode,
and switching. The input capacitor (Cpy) is used
to reduce the amplitude of an array voltage ripple
and eliminate the effect of switching frequency on PV
array. The capacitor in the dc-link (Cpe) is used to
decouple a voltage or frequency fluctuation between
boost converter and inverter, and also to maintain
constant output dc-voltage. A steady state of input
voltage for boost converter can be determined as
Vevar = Vbe(1 — D) (21)
where Vpy o, is a PV array voltage, Vpc is an output
voltage, and D is a duty ratio.
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change in irradiation level.

2.2..1.a Maximum Power Point Tracking (MPPT)
Perturb and observe algorithm is the most widely
used method of MPPT due to the simplicity and ro-
bustness [17]. This method controls the amplitude
of duty cycle that leads to adjustments of the array
voltage around the MPP as shown as follows.

D ((k+1)T,) = D (kT,) + Ad x sign(APpy) (22)

Ad = |D(kTo) = D (k= 1)To) | (23)

APpy = Ppy (kT,) — Ppy((k — 1)T,) (24)
A next duty cycle at the k£ + 1 is determined
based on APpy and Ad. The sign of perturba-
tion depends on the difference of sampling output
power. The MPPT senses array voltage and current
every T, second. According to this principle, the ex-
tracted power will oscillate around the actual max-
imum power point. Moreover, the optimal value of
disturbance Ad and time duration T, is required to
provide high efficiency of power extraction [18].

An example of MPPT is shown in Fig. 5. The
rapid change of irradiation level leads to change of the
operating point of PV array. The P&O-MPPT tracks
the instantaneous maximum power until the tracker
meets a final value. After that, if environment condi-
tions are maintain a constant, the tracker will controls
an operating point oscillating around real MPP.

2.2.1.b  Dynamics Characteristic of DC to DC Boost
Converter
Instantaneous mode of array voltage can be ex-
pressed aslnstantaneous mode of array voltage can
be expressed as
Vev(t) = Vipp(t) + Avpy (t) (25)
where Vi pp(t) is the instantaneous array voltage at
MPP and Avpy (t) is the variation of array voltage.
By using the small signal analysis to the converter,
the variation of the PV array voltage can be defined

PV.array

MPPT model

Tambz’em D Boost  — VDC,ref
PV array Converter
G model model [ PP V.array

Fig.6: Schematic diagram of boost converter control

Vv = Gua(8)Ad(s) + Guioad(S)iioad(s) (26)
where G,q is the duty cycle perturbation to array
voltage transfer function and Gyoqq is the load to
array voltage transfer function. The detail of both
transfer functions are shown in (27) and (28) respec-
tively.

—Vbe
Gvd(s) = 27
P a—
_Rload(l B Dk)
= 28
CGuioads) = 45 Ber s+ O 12 (28)
for an ideal boost converter
_ Rupp(t)
Rload - (1 — Dk)z (29)
) Vpo(s)(1 — Dy)?
1oad(S) = 30
load(5) Rorrr (@) (30)
where A, B and C are
A = LioostCpv Ri0adCpc (31)
Cpc
B = ——— | L
(CPV + (1 _ Dk)2> boost (32)
C = Ripaa(Cpv (1 — Di)* + Cyc)
(33)

+ ( Lboost )
Rioaa(l — Dy)?

2.2.2  The Control System of NPC Inverter

A single phase three level voltage source inverter
(VSI) is shown in Fig. 8. It composes of diodes and
switching. The total switching loss and on-stage loss
represent as Rp and R respectively. An inductor L
represents the total inductance of an ac filter and a
cable. The terminal of NPC is connected to the power
grid.

By the generalized state-space averaging method
proposed in [19], the NPC model can be simplified. In
this section, the control functions of NPC are divided
into two control parts, i.e. grid current and dc-side
voltage.
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2.2.2.a Grid Current Control

An inverter controls direct and quadrature axes of
the grid current on the synchronous reference frame
(isq and is4 respectively) [20]. The time constant (7;)
of this process is about 5 to 50 ms.

disd *isd Z.scl ref

= —ed | Cedire] 34
dt Ti + T ( )
d.s *‘9 ‘9 re
sq _ Tlsq | lsqref (35)

dt T T

2.2.2.b  DC-link Voltage Control
The fundamental of dc-voltage control is the bal-
ance of and electrical power transfer between dc and
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Fig.8: Structure of three-level NPC' inverter

ac side. The reference current on direct axis from pre-
vious section can be calculated through this control.
Moreover, the feed forward compensation is needed to
control grid current and voltage at point of common
coupling (PCC) in order to reduce the loss effect of
an inverter. The simplified control model follows in
[19]. Consequently, the reference direct axis current
can be shown as

; 2Ppy,qr(t
ZSd:"‘ef(t) = 2T + Q12 + 31;)/‘/(’](15;) (36)
where x1 and zo are defined as
dl’l
TR 37
at (37)
@ =« _ V2 + V2 (38)
dt = a2 DcC DC,ref

The state equations of de-link control can be shown
as

Ceq AVic — Vpolpo — Vic _ 3d (Li2y + Li*sq)
2 dt Rp 4 dt (39)
3 3
,5R (24 +1i2,) — 5 (vsaiZy + vsqizg)

where a1, as and as are control parameter of PI con-
troller. Ceq equals Cpc/2. isa,rer is a reference direct
axis current. Vpc,rer is a reference de-link voltage.
vsq and vsq are direct axis and quadrature axis grid
voltage respectively.

2.3 Lead-acid Battery Model

A lead-acid battery is used in this paper. The
mathematical model of lead battery represented in
charge and discharge modes can be shown as follows
[21].

. Qi* QQ:
Voeh = Eo — Rpt — K -
bt v (Qt +0.1Q Qth) (40)
+Exp(t)
Vo,deh = Eo — Rpi — KL(Qt +14*)
' Q—Q: (41)

+Ezp(t)
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dExp(t)

U2 = e (D] - (~Bap(t) + Veryu(t) - (42)

Q: = /Ati(t)dt

0

(43)

where E, is a battery constant voltage, Ry is an inter-
nal resistance, K is a polarization resistance and Q
is a nominal battery capacity. @ is an extracted or
corrected charge at time interval At. Both current ¢
and filtered current ¢* will be positive if battery is in
discharge mode and vice versa. The exponential zone
voltage Exp(t) represents in (42) depends on time
constant inverse (Tegzp), exponential zone amplitude
(Veap) and charge (u(t) = 1) or discharge (u(t) = 0)
mode.

3. SOLAR IRRADIATION AND AMBIENT
TEMPERATURE MODELS

The stochastic models describing solar intensity
and ambient temperature as a Brownian motion can
be shown in (44)-(45).

to2, .
Gt == Gavg,iexp <0G,iZG,i\/% - 2G,2> (44)

tot,;
Tambient,t = Ta’ug,iemp (UT,Z'ZT{L'\/E - 277> (45)

where G is an irradiance at time ¢ of hour 7, Ggug,
is an average irradiance at hour i,0¢g; is a variance
of G at hour ¢, Z¢ ; is a normally distributed random
number describing G at hour i and t is a sampling
time interval. Tympient,+ is an ambient temperature
at time t of hour 4, T4, is an average temperature
at hour 4,07 ; is a variance of Tompient at hour 4, Z7 ;
is a normally distributed random number describing
Tambient at hour 7.

However, in fact, solar irradiance and ambient
temperature have some relationship. A day with high
solar irradiance comes with high ambient tempera-
ture. Conversely, low solar irradiance comes with
low ambient temperature. Consequently, the depen-
dence between irradiation and ambient temperature

should be taken into account in determining the out-
put power of the PV array.

Copula is a mathematical theory that can describe
the relationship between random variables in the form
of joint cumulative distribution function (joint cdf).
Sklar’s theorem is the main principle in copula anal-
ysis. It states that H is a joint cdf of two random
variables if it has a copula C such that [22]

H(z,y) = C(F(z),G(y)) (46)
where z,y € R.F(z) and G(y) are the marginal cu-
mulative distribution of x and y, respectively.

Thus, correlation between (44) and (45) can be
determined from (46) with the joint cdf of Zg ; and
Zr,; depending on an appropriate standard copulas,
e.g. Clayton, Flank, or Gumbel copulas.

4. DETERMINING THE OPTIMAL BAT-
TERY CAPACITY

A required capacity of battery energy storage sys-
tem (BESS) can be calculated by power flowing into
or out of the battery that is expressed by

Pbatt,t - Pset - PPV,t (47)

where Ps.; is a set point power that is required to feed
into the grid. If Pyqu,r > 0, the battery will discharge.
On the other hand, if P4+ < 0, the battery will be
charged. The optimal capacity of battery in each time
interval can be determined from

Qopt.t = {

where @) is a nominal capacity of a single battery,
patt,maz 18 the maximum charging current of a single
battery, determined from the minimum between bat-
tery’s maximum charging current and inverter’s rated
current.

Many environmental conditions are taken into ac-
count when determining the required battery capac-
ity. Finally, Qopt+ is determined from the 95th per-
centile of all occurrences of battery sizes that the bat-
tery would support the PV system to maintain con-
stant output power.

9
|Pbatt| Vb, denibatt, maz’ Phas > 0 (48)

Q
|Pbatt| Vi chibatt,maz s Poart >0

5. NUMERICAL EXAMPLE

5.1 Example of Irradiance and Ambient Tem-
perature Sampling

The mean and standard deviation of hourly irradi-
ance and ambient temperature used in this example
can be shown in Table 1. By using (44) - (46), both
solar irradiance and ambient temperature are sam-
pled. Fig. 10 illustrates the sample of irradiance and
ambient temperature in one day on rainy season by
using the sampling time interval of 1/360 hours. The
result shows that solar irradiance and ambient tem-
perature vary around the average values.
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Table 1: The average and variation of irradiation
and ambient temperature in rainy season

: G(w TLw
Time (W/WgLQ) oG (0053 or
7-8 131.62 0.9599 | 2.14 | 0.0431
89 288.10 0.7154 | 26.29 | 0.0523
9-10 473.29 0.6271 | 27.38 | 0.0596
10.11 613.53 0.4522 | 28.55 | 0.0658
11-12 732.30 0.3887 | 29.62 | 0.0685
12-13 722.82 0.6614 | 30.33 | 0.0703
13-14 656.90 0.5861 | 30.71 | 0.0739
14-15 595.83 0.6378 | 30.87 | 0.0797
15-16 494.55 0.5114 | 30.91 | 0.0837
16-17 | 366.11 | 0.5434 | 30.73 | 0.0778
17-18 | 192.90 | 0.6477 | 30.08 | 0.0765
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Fig.10: One day sampling of solar irradiance and
ambient temperature in rainy season.

5.2 Example of Generated Power and Fre-
quency Sampling before Installation the
Battery

The photovoltaic system parameters used in this
paper are shown in Table 3. The initial PV system
control parameters are shown in table 4. In addition,
parameters of the 4-state generator model represent-
ing the rest of the power grid [23] are shown in Table
5. This paper uses 48,240 modules of KC175GH for 8
MW installations [24]. The five-parameter of this PV
module is shown in Table 2. When the solar irradi-
ance and ambient temperature have been simulated,
the output power of PV array can be calculated from
the equations described in section 2. After that, the
inverter extracts the maximum power from PV based
on the MPPT control principles described in Fig.7.
Simultaneously, it converts the DC electricity to the
AC electricity by the NPC inverter control described
in the section 2.2.2.

By using the PV system parameters shown in Ta-
ble 3 and the initial PV system control parameters
shown in Table 4, the output power of PV system
can be shown in Fig 11. It is obviously seen that
the fluctuation of output power has an impact on the
system frequency so that the frequency deviates from
the allowed range of 49.5 to 50.5 Hz. as shown in Fig.
12.

Table 2: Photovoltaic module parameters

Parameter Value Unit
Iphon 8.0926 A
Ton 1.1693 | pA
R 0.106 Q
Ronn 325.5401 Q
Vron 0.0387 A%

Table 3: Photovoltaic system parameters

Parameter Value Unit

Chpo 2 mF
Lboost 10 mH

CDC 25 mF

R, 25 kQ

R 3.5 ms

L 3 mH
‘/inuerter 416 VLfL
%ase 22 kVL —L
Shase 20 MV A
Inverter 67 Unit
MPPT /inverter 12 Unit
N,/MPPT 10 Unit
N,/MPPT 6 Unit

5.3 Example of Battery Capacity Determina-
tion

Although total capacity of the PV system used in
this paper is 8 MW, the daily average output power
generated from the PV system is approximately only
3.5 to 4 MW. Thus, this example establishes the set
point of desired output power of the PV system (Piset)
at 4 MW.

This paper uses the S12-290AGM - 12 Vdc, 260
Ah lead acid battery [25] and the AT30 SERIES -
130Vdc charger [26] for the BESS system. The bat-
tery parameters are shown in Table 6. According to
the manufacturer data sheet, the maximum charging
current, tpatt,maz, 1S 50 A. In addition, the parameters
of DC-AC charger in the BESS system are exactly the
same as the parameter of DC-AC inverter in the PV
system.

In this paper, the capacity of the battery is se-
lected such that it can cover 95% of all possible oc-
currences in one-year sampling environmental data.
That means it covers all three-season behaviours,
i.e. summer, rainy, and winter. From the example
in Fig 13, the calculated battery capacity is 1.6134
MAh. However, this calculated battery capacity cor-
responds with only one case of data sampling in a
year, so it cannot represent the best choice of the op-
timal battery capacity. Therefore, 1,000 scenarios are
generated using the same hourly solar irradiance and
ambient temperature data. By applying the same
method to determine the optimal battery capacity of
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Table 4: Photovoltaic system parameters

Parameter Value Unit
VPV,O O~9Voc,array V
PPV,O 0 w

Dy 0.4-0.4 -
Vbeoo 600 \%4
14,05 1q,0 0 A
1,0, 72,0 0 -
7:sq,ref 0 A
Ad 0.01 -
T, 1 s
T 5 ms
(651 -1 -
(%) -5 -
Qs 1000 -

Table 5: Photovoltaic system parameters

Parameter | Value | Unit
H 1 S
Xq 1.1 U
Xy 0.65 pu
Xy 0.26 pU
Xq 0.13 pu
Tdo 7 S
Tyo 1 s

Table 6: Photovoltaic system parameters

Parameter | Value | Unit
Ey 12.4526 \%4
Ry 0.0018 Q
K 0.0016 Q
Veap 0.1408 |4
Tenp 0.3297 | A/h

each scenario, 1000 battery capacities corresponding
to each set of sampled data can be obtained. The op-
timal battery capacity from 1,000 scenarios presented
as a frequency distribution curve, which represents a
probability density function, can be depicted in Fig.
14.  With 95% of confidence interval of the proba-
bility density function, the optimal battery capacity
lies between 1.6086 MAh and 1.6250 MAh. After the
optimal battery capacity interval is calculated, the
number of battery for series and parallel connections
must be determined to match the required battery
voltage and total optimal capacity. From the spec-
ifications of the lead-acid battery and the charger
described above, 10 batteries must be connected in
series in order to generate the specified voltage level,
approximately 130 Vdc, for the inverter. Then, 625
battery strings must be connected in parallel to ob-
tain the battery size of 1.6250 MAh. As a result, one
set of BESS consists of 6,250 batteries.

Output power of photovoltaic system
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Fig.11: Active power sampling of photovoltaic sys-
tem
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Fig.12: System frequency before installation the bat-
tery

Occurrence of the battery capacity in one event
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Fig.13: Frequency distribution of battery size of one
sampling data
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Fig.1}: Frequency distribution of 1,000 battery sizes
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Active power flowing into the utility grid
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Time (Hours)

Fig.15: Test result of active power flowing into the
grid

5.4 Test Result of Power Flowing into the
Utility Grid and the System Frequency af-
ter Installation the Optimal Battery Size.

To illustrate that the designed battery capacity
can mitigate fluctuations of the generated output
power, and system frequency, the designed battery
system is then equipped with the PV system. The
output power of this PV generation system with bat-
tery (Pset) is set to 4 MW, equal to the earlier Pt
used in the process of battery capacity calculation.
Afterward, a set of environmental conditions is sam-
pled. Then, power flow calculations of the PV system
with the BESS are analyzed. The simulation results
are illustrated in Fig. 15 and 16.

The BESS determined from the proposed method
contains 625 battery strings connected in parallel.
Each string comprises 10 batteries connected in se-
ries. The capacity of each single battery is 260 Ah.
The nominal DC voltage of each battery is 12 V. The
maximum charge current is 50 A /string. Hence, the
optimal capacity of this BESS is 1.625 MAh, 3.75
MW. It is 93.75% compared to the set point of this
PV system output, which is 4 MW. In addition, it
is 37.5% compared to the system peak demand of 10
MW.

It can be seen from Fig. 15 that installation of the
optimal battery capacity determined from the pro-
posed method can reduce the power fluctuation of the
PV system and can maintain constant power flowing
into the utility’s grid. In addition, system frequency
fluctuation can also be reduced. It is obviously seen
that system frequency varies within the allowed fre-
quency limit as shown in Fig. 16.

6. CONCLUSIONS

This paper proposes a method to determine the
optimal battery capacity with a lead-acid battery dy-
namic model. Installing the optimal battery capacity
in the system can alleviate the inconsistent output
power and frequency problems that may lead to grid
instability.

It is obviously seen that the total generated output
power and frequency resulted from the experiment

System frequency after installation the battery

51

Upper limit frequency
505~ Lower limit frequency

S e L e MMMWM}MM ]
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8 9 10 11 12 13 14 15 16 17 18
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Fig.16: System frequency after installation the bat-
tery

has satisfactorily less fluctuation. The fluctuation of
the generated power can be noticeably alleviated by
installing the battery, with the capacity chosen from
the proposed method.
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