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Abstract

With an increase in the amount of renewable, solar photovoltaic in particular, developing efficient energy storage media will
become increasingly important. Batteries are one of the most common storage devices, and the maximum runtime and dynamic
behavior of batteries play an important role in various energy storage applications. Therefore, it is crucial to understand the battery
behavior during charging and discharging operation. This study aims to analyze the properties of a lithium polymer battery to sup-
port low-power Solar PV applications through experiment and simulation with a goal of understanding its electrical behavior.
A simple experimental test procedure was used to determine the various electric parameters required to develop a model of the bat-
tery. Simulations results at various C rates captured the dynamic behavior of the lithium polymer battery, revealing an acceptable
trade-off between accuracy and complexity.

Key words: lithium polymer battery, pulse discharge test, battery characteristics, state of charge, solar PV module, dynamic behav-

ior of battery.

1. Introduction

The production and distribution of energy using a
wide variety of sources has long been an inseparable
part of human life. The significant increase in the
global energy demand over the past few decades [1]
has been accompanied by the concerns over environ-
mental degradation from emissions and a growing
interest in the development of the alternative energy
sources that can displace the use of fossil fuels [2].
The clean energy production profiles of the renew-
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able energy sources make them the best alternative
and substitute for the fossil fuels in the coming
years [3].

Among the renewable sources, solar photovoltaic
energy generation has become crucial because it is
easy to install and solar radiation is available year-
round in most countries. Solar PV can provide elec-
tricity even at remote locations where the grid is not
accessible in the form of standalone systems.
However, the full utilization of Solar PV is hindered
by recurrency factors such as the unavailability of
solar power during the night [4]. Accordingly, ener-
gy storage has become an essential component of
Solar PV systems as a means of storing energy dur-
ing the daytime for subsequent on-demand use.
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Currently, there are a number of available energy
storage technology options, among which battery
energy storage is the most widely used and commer-
cially available. Batteries are used in numerous
applications, such as electric and hybrid vehicles
[5-8] and renewable energy systems [8—11], among
others. Batteries serve as standby facilities in wind
and solar photovoltaic systems by storing excess
generated energy for release during the demand and
at night, respectively [9, 10]. Battery energy storage
is becoming the most flexible option for use in rural
standalone systems because it is a technology that
has been in use for long enough that most of its ini-
tial faults and inherent problems have been removed
or reduced by further development, the most readily
available and is portable. Such systems can also be
scaled up on demand [4]. Batteries are widely used as
energy storage and power sources in numerous elec-
trical systems and devices, and the increased use of
portable electronics in numerous applications has
driven the growth of battery technologies such as
nickel cadmium (NiCd), nickel-metal hydride
(NiMH), lithium-ion (Li-ion), and Li-ion polymer to
meet the advanced energy demands and size restric-
tions of current portable electronics [12].

Despite these advances, lead acid batteries remain
the most commonly used battery storage technology
in PV systems. Such batteries have disadvantages in
terms of lower lifetimes and efficiencies, heavy,
lower energy and power densities, higher self-dis-
charge rates, and negative environmental effects
when they are disposed [4, 13]. There are a number
of emerging battery technologies for use in renew-
able storage that can overcome these limitations.
Lithium polymer batteries [4, 14], for example, have
a number of advantages over lead acid batteries,
including higher cycle efficiencies, low self-dis-
charge, high energy and power densities, and reduced
environment impact [4]. These benetits make lithium
batteries a good candidate for use in PV applications.
The accurate modeling and simulation of battery per-
formance is important in successfully integrating
such devices into various applications including
Solar PV systems [15].

In this study, a lithtum polymer battery for use in
low-power Solar PV systems was modeled and its
performance was simulated. A simple and quick
experimental test procedure was applied to determine
the parameters required for precise modeling of the
dynamic characteristics of the battery. The resulting
model could accurately compute the State-of-Charge
(SOC) value throughout the runtime. Simulation was
then conducted at various C rates to predict the
dynamic behavior of the battery, and the simulation
results were validated using experimental data.

2. Solar PV module and lithium polymer
battery specifications

A 500, Solar PV module was used as the power
generation source in this study. The ratings of the PV
module are listed in Table 1 below.

Table 1. Technical specifications of Solar PV module.

Parameters Value
Open circuit voltage (Voc) 21.0V
Short circuit current (Isc) 3.15A
Voltage at maximum power (V,,,) 17.0V
Current at maximum power (/,,,) 295 A
Maximum power (P,,,,) S0W,

A lithium polymer (Li-po) battery with a nominal
capacity of 5.2 Ah was used as the experimental stor-
age device, the primary technical specifications of
the battery are listed in Table 2 [16]. The Li-po bat-
tery has a nominal voltage of 11.1 V, a nominal
capacity of 5.2 Ah, a maximum discharge current of
10C (50 A), minimum cut-off voltage (V) of
10.5V, and a maximum cut-off voltage (V,,,) of
12.30 V during discharging and charging. A lamp
load and rheostat were used as a load for battery dis-
charging purposes.

Table 2. Technical specifications of lithium polymer battery.

Battery parameters Value
Capacity C (Ah) 5.2 Ah
Nominal voltage (V) 11.1V
Maximum battery voltage (V) 126 V
Minimum battery voltage (V) 103V
Maximum continuous charge current 2C
Maximum continuous discharge current 10C
3. Modeling
3.1. Solar PV

There are several circuit-modeling approaches that
can be used to extract PV module parameters. It is
well understood from the literature that any PV
device can be represented by an equivalent electric
circuit [15]. The equivalent circuit for the PV system
analyzed in this study is a one-diode model compris-
ing a solar intensity-dependent current source, a p—n
Junction diode, and two resistances (R, and R;/R)), as
shown in Fig. 1. Here, the resistance captures the dis-
sipative effects and manufacturing defects that pro-
duce parasitic currents within the PV module [17].

In most practical cases, the shunt resistance is
quite high and is often neglected during the analysis
[18]. A mathematical model of a solar PV module
can therefore be easily derived as follows [17]:

Ly = e + (K (T =T ))][;J, (1)

14
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where Equations (1)—(4) calculate the photo-generat-
ed current (Z,;), module reverse saturation current
(/,,), module saturation current (/,), and total output
current of the module (/,,), respectively. As men-
tioned above, a SO0W,, solar PV module with the rat-
ings listed in Table 1 was used in this study.
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YW—e +
I »
L, <]\> D § R /R, Voo

Fig. 1. Electrical equivalent circuit of solar cell

The output voltage of a PV module can be quite
high and varies with the weather condition and there-
fore is not suitable for effective battery charging.
Accordingly, a dc—dc buck converter, which steps
down higher PV module input voltages to lower out-
put voltages for charging the battery, is used as an
interface between the PV module and battery.

3.2. DC-DC Converter

An electrical equivalent circuit of the buck con-
verter is shown in Fig. 2. In this circuit, the switch (5)
and diode (D) are considered to be ideal and R, is
considered to be the equivalent resistance of the
inductor. Various types of switches can be used,
including BJT, IGBT, power MOSFET, among oth-
ers [18].
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+
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Fig. 2. Electrical equivalent circuit of dc—dc buck converter

The output voltage (V) of a buck converter is
always less than the input voltage (V) and is given by

v, =av, (%)

V. = _ L, V. (6)
T, +T, )

The term in parentheses in Equation (6) is the duty
cycle of the converter

ye Bu _T. -
I,+T, T,

where 7, and 7, are the on and off durations of the
switch, respectively, and 7 is the duration of the
switching time. Since the duty cycle is equal to the
ratio of 7, to T, the value of varies between 0 and
1 (corresponding to 7,,=0to 7, =T, respectively).
Rearranging Equation (5) gives
Vo _
=0 (8)

s

which is the voltage gain of the buck converter. From
Equation (8), it can be seen that at a given voltage the
output voltage of the converter varies linearly with
the duty cycle, which implies that the output voltage
can be adjusted to a specific constant level by chang-
ing the duty cycle.

3.3. Lithium polymer battery

An equivalent circuit battery model that could be
rapidly configured was used to simulate the perform-
ance of a lithium polymer battery with a streamlined
configuration. Due to the dependence of the terminal
voltage (V) of the battery on its open circuit or no
load, voltage (V,.;) can be easily obtained by calcu-
lating the results of a mathematical function during
runtime. Thus, the model combines an electrical
equivalent circuit with a mathematical component
based on the battery’s SOC.

MW
R M\
"
Cr +

Vot . C D V;:

'

Although a battery can be represented using a lin-
ear model containing a single resistor to simulate its
internal resistance [19], a Thevenin equivalent circuit
was applied to obtain an accurate and clear represen-
tation of transient conditions in a simplified manner
[16]. This model adds a parallel R,, C, block (R//C))
in series with the internal resistance R,. Although the
accuracy and complexity of the model increases with

Fig. 3. Electrical equivalent circuit
of battery with single RC branch
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the number of RC networks, a single network can be
used without significant sacrifice of simulation per-
formance. Applying Kirchhoff’s Voltage Law to the
equivalent battery circuit in Figure 3 gives the fol-
lowing expression:

V= R -R I )

ocl

4. Experimental setup and procedure

Charging and discharging tests were conducted at
a constant current to determine the battery capacity.

4.1. Determination of battery capacity

The lithium polymer battery was charged at a cur-
rent corresponding to an initial 1C rate up to the max-
imum cut-off voltage of 12.3 V, with the process con-
tinuing until the charging current was reduced to
10 % of its initial value, indicating that the battery
capacity had been reached. From its completely
charged state, it was easier to estimate the capacity C
(Ah) of the battery by applying Equation (10) to the
results of a discharge test at constant current 7,
Finally, the battery was discharged at constant cur-
rent across a lamp load until the voltage reached its
minimum cut-off value of 10.5 V (Fig. 6).

1, -dt

3600

Following experimental measurement of the Li-
po battery capacity, further tests were conducted to
obtain various parameters.

All the above mentioned model parameters can be
represented as multivariable functions of the states of
charge, current, temperature, and recharge cycle
number. Some battery parameters with negligible
effects can be ignored, reducing the complexity of
the system [16, 19]. For instance, the effect of tem-
perature on battery capacity is minimal because low
power applications undergo only minor temperature
fluctuations at constant room temperature. As a

(10)

Data Acquisition

Card (DAQ)
DC Power

Source

Li-Po DC Bus
Battery I

result, the parameters can generally be expressed in
terms of the SOC alone, resulting in a model that
suitably trades off between accuracy and complexity,
enabling experimental investigation that does not
require complicated software or hardware tools. The
test arrangement used in this study is shown in Fig. 4.

4.2. Test procedure

Discharge testing at a number of current steps was
conducted to identify the model parameters using a
hardware system built with the help of the LabVIEW
data acquisition feature [20]. A block diagram and an
image showing the hardware setup are shown in
Fig. 4.

The battery was completely charged following the
procedure described in the capacity determination
section above and then discharged in a stepwise man-
ner by supplying current at various levels to the load
to reach different battery SOCs. At the end of each
step, the discharge load was disconnected and the
battery voltage was measured to obtain the instanta-
neous open circuit voltage (V,,). Following a pause to
allow the circuit to reach equilibrium, voltage was
again measured to obtain the open circuit voltage in
equilibrium (V) (Fig. 5).

As the capacity of the battery was 5.2 Ah, dis-
charging it with a 5 A load for 38 seconds would con-
sume 1 % of the total capacity, while discharging at
5A for 6 mins would consume ~10 % of the maxi-
mum available charge. Thus, the experimentally
applied C rate of 0.9 C in steps of 6 mins consumed
10 % of the initial SOC per discharge. Following rest
periods of 6 mins, during which no load was applied
to the battery, the open circuit voltage was measured
again to obtain values of V,; that represented the bat-
tery terminal voltage with the circuit disconnected
and the transient response extinct. Thus, each step
period took 12 mins, with 6 mins of discharge and
rest a piece. The measurements over an initial 6 mins
provided adequate information and made the experi-
mental procedure quick and simple to carry out [16].

Fig. 4. a) Block diagram of experimental setup. b) Photo of setup:
1 — LabView,; 2 — Multimeter; 3 — Li-po battery; 4 — DAQ Card, 5 — Load

4
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4.3. Internal resistance of battery (r;)

A sudden voltage drop arising from the battery’s
internal resistance R; appears the instant the battery is
connected to a load. This internal resistance can
therefore be calculated by dividing the difference
between the open circuit voltage and the voltage
under load by the load current:

R =(Vm["’l), (11)

where V. is the initial voltage of the battery and V is
the terminal voltage just after the load goes online.
The values of R, and C, can also be calculated in
terms of the length of time needed by the battery to
reach its equilibrium potential, i.e., the relaxation
period, once the load has been removed. By includ-
ing the time constant (7), the effects of the diffusion
process and charge transfer between the electrodes
and electrolyte can be incorporated into the model:

T=RC, (12)
where
R :(Vm—V,') (13)
' I
50C R
measurement :
using
Coulomb Ct
counting

4.4. Determination of the Open-circuit voltage (V)
and SOC

Measuring the open circuit voltage during runtime
is impossible as, by definition, V. can only be meas-
ured if the battery is under an open circuit or no load
condition. To overcome this limitation, it is necessary
to evaluate the SOC of the battery. The per-unit SOC
can be determined during the discharge period from
the initial per-unit state-of-charge SOC,,, as follows:

SOC(t)=S0C,, - (%Ah)j

max

(14)

Equation (14) can then be substituted into
Equation (10) to obtain

SOC(1)= SOC,, - {1[“1’“7]} (15)

c.| 3600

Thus, by measuring the amount of charge stored
or released (charging or discharging) at any instant
during runtime, i.e., using the coulomb counting
method, the SOC of the battery at any instant can be
calculated as shown in Fig. 5.

=
+
V,
<« =
i

Fig. 5. Battery model

Battery open circuit voltage vs. SOC
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Fig. 6. Pulse discharge test results
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4.5, Open circuit voltage estimation

In general, V., is a function of the battery SOC
and operating temperature [21]. To remove the
effects of environmental temperature on the battery
operation results produced in this study, all experi-
ments were performed at room temperature and
under environmental conditions.

As detailed in the preceding sections, the battery
was repeatedly discharged in steps of 10 % of SOC
and the voltage at the end of each rest period was
measured. The experimental data obtained from these
pulse discharge tests were plotted (Fig. 6) and a math-
ematical relation was obtained using a curve-fitting
technique to estimate the battery V, ,(1)=f[SOC(¢)] as
the following exponential function of SOC:

V... (SOC) = —1¢"%C +0.78550C° —

—0.9950C? +0.12550C +11.42. (16)

5. Matlab models

This section presents the Matlab Simulink models
used to simulate the PV and battery systems, which
were developed using the equations and experimen-
tally determined parameters discussed in the preced-
ing sections.

5.1. Solar PV Model

The Matlab Simulink model used to obtain the
output characteristics of the 50 ¥, Solar PV module
is shown in Fig. 7. As both solar radiation and tem-
perature affect the output of the PV module, simula-
tion was carried out at various temperatures and solar
radiation levels. The output characteristics are shown
in Fig. 8.

From Voltage

Changes in solar irradiation with weather condi-
tion will cause the PV module output to fluctuate, but
control mechanisms can be used to track such
changes and allow for the extraction of sufficient
power to meet the required load demand. At a given
voltage value, increases in the solar irradiance will
increase both the output power and current of the
module. This occurs because the incidence of addi-
tional sunlight on the solar cell imparts a higher exci-
tation energy to the cell’s carrier electrons, which in
turn generate more output power.

5.2. DC-DC buck converter model

Figure 9 shows the Matlab model of the dc—dc
buck converter. Ports 1 and 2 are inputs into which
the Solar PV module output is fed, while ports 3 and
4 produce a constant output voltage. A closed voltage
control loop is applied to this process using a propor-
tional integral controller. Depending on the error sig-
nal, a pulse width modulation (PWM) signal with a
varying duty cycle is generated to switch the MOS-
FET at high frequencies and maintain the output volt-
age at a level close to the reference voltage of 12.5 V.

Figure 10 shows the output of the buck converter
at a constant input voltage with varying waveforms.
It is that the converter steps down the 20 V source
voltage (V) input from the solar PV module to a con-
stant (V,,) 12.5 V at its output port. In doing so, the
converter continuously checks the error signal and
generates a PWM to maintain the pre-set output volt-
age for charging the Li-po battery.

5.3. Lithium polymer battery model

To predict the SOC and dynamic behavior of the
lithium polymer battery while charging and discharg-

]
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Fig. 7. Matlab Simulink model of Solar PV module
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ing at various C rates, a Simulink model was con-
structed using the experimentally calculated parame-
ters presented in the preceding sections. Figure 11
shows the lithium polymer battery model, where the
input ports are connected to the output of the con-
verter. The model continuously calculates the SOC of
the battery, which varies between zero and one
depending on the charging and discharging current.
To protect the battery from overcharging and over-
discharging, the model is able to monitor the SOC.

The instantaneous SOC of the model is obtained
using coulometric measurement during runtime.
Based on this SOC value, a mathematical function
block computes the open circuit voltage using
Equation (16), which is then simultaneously fed to
the controlled voltage source. In this manner, the
model is capable of precisely generating a battery
terminal voltage, as shown in Figs. 12—13, which
represents the terminal voltage characteristics of an
actual PV system lithium polymer battery.

Output characterstics of 50Wp Solar PVmodule at different irradiances.

4 e -
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Fig. 8. Matlab Simulink solar PV module output results
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Depending on the SOC, two switches are used to
connect or disconnect the load and source. When
SOC>=1 (100 %), the load is connected and the
source is disconnected, allowing discharge at a con-
stant current up to a pre-set SOC level of 0.1 (10 %).
When the battery SOC<=0.1 (10 %), the load is dis-
connected and the source is reconnected to charge the
battery to its full capacity. The battery is charged and
discharged at different C rates to obtain the dynamic
characteristics of a lithium polymer battery used in
low power applications. At a 100 % SOC, the battery
voltage is 12.3 V.

6. Simulation results and discussions

As the battery open circuit voltage is a function of
the SOC, i.e., V,.,=f [SOC], it was obtained experi-
mentally using Equation (16). The graph in Fig.
12 shows the Matlab-simulated relation between
V,.;and SOC, from which it is seen that, at
SOC=100 %, V,.,=12.2 V, which is close to the max-
imum set cut-off voltage. When SOC =10 %, V., is
close to 10.5V, which is the minimum set cut-off
voltage. When SOC =9 % or below, Voc falls sharply
below 10.5 V, resulting in over-discharging; for this
reason, the lower SOC limit in this study was set to
10 %. Figure 12 shows the overall non-linear rela-
tionship between Voc and SOC.

Figure 13 shows a comparison of experimental
and simulation results for a lithium polymer battery
that is discharged across the load at a constant current
rate of 0.96 C. It is seen that the experimental and
simulated results are in close agreement.

Further simulations were conducted to obtain the
discharge curves at different C rates to determine the
corresponding dynamic behavior of the battery over
one complete cycle (i.e., one complete charging and
discharging of the battery). The battery discharge
results at 0.2, 0.4, and 0.9 C are shown in Fig. 14,

whereas the simulated dynamic behavior, SOC, and
current through the battery over one cycle at 0.4, 0.9,
and 1 C are shown in Figs. 15-17, respectively.

Relation between Voc and SOC of lithium polvmer battery
12.4 r T T T T T T T T

122k oo
12
18

Battery Voltage (Volts)

SOC (%)

Fig. 12. V,,, as a function of SOC in lithium polymer battery

In Fig. 15, which shows the 0.4 C case, it is seen
that, starting from an initial state of discharge, at
=0 s the battery voltage (V,)=10.6 V and SOC=0.05
(5 %), while the load current (/;)=0 A. At =0+s,
charging commences at a constant charging current
(Ic) of 2 A from the Solar PV module, causing V; to
build up as the battery SOC increases. At =9,300s,
V=12.25 V and SOC=1 (100 %). At this point, the
controlling switch connects the load and disconnects
the voltage source from the battery. At =9,300+s,
battery discharging commences at a constant dis-
charging current (/;) of 2.0 A across the load with
Ic=0 A. At this point, V, begins to decrease nonlin-
early with respect to SOC. At =18,300s, V'=10.8 V
and the SOC reaches its minimum cut-off level. At
this point, the load is disconnected to avoid over-dis-

Comparison of Practical and Simulated results

125 T T T T

Battery voltage (Volts)

T T

Exprimental result
Simulation result

i
1500

Time (sec)

Fig. 13. Experiment and simulation results
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charging. The total capacity C (Ah) achieved by the
battery during charging can be obtained from
Equation (10) as 5.17 Ah, which is very close to the
rated capacity.

In the case shown in Fig. 16, the lithium polymer
battery is charged by the solar PV module at 0.4C
(2 A), while discharge is carried at a rate of 0.96C,
i.e., 5.0 A. Although the charging behavior is similar
to that in the earlier case, the dynamic behavior
changes during discharge as a result of the high dis-
charge rate. Increasing the discharge rate causes the
capacity of the battery to fall at faster rate, which is
evident from =91,000 to =12,300s. The non-linear
relationship between battery voltage and SOC is
maintained. Depending on how much the respective
C rates differ, the maximum runtimes for charging
and discharging diverge.

Figure 17 shows the results of charging at a rate of
1C (5.2 A), which is done using a Solar PV module
with a higher power rating than under the 0.4 and
0.9C cases. In this case, continuous charging and dis-
charging is carried out to obtain the dynamic behav-
ior of the battery and predict the evolution of its SOC
at 1C. It is seen from the figure that the maximum
runtimes for charging and discharging over one cycle
are very close. However, the source is disconnected
at 1=3,700 s when the SOC reaches one (100 %) and
V=12.25V. After a rest period of a few seconds, the
load is connected at ¢ =3,800 s and the battery dis-
charges at 5.2 A. At =7,300 s, the SOC reaches 10 %
and charging begins again after the load is discon-
nected.

It is evident from the above simulation results that
lithium polymer has a sufficiently flat voltage profile

Lithium polymer battery discharge characteristics at different C-rates
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Fig. 15. Lithium polymer battery dynamic behavior at 0.4C
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to supply a constant voltage to a load over long peri-
ods of time. As the C rates of charging and discharg-
ing increase, the capacity of the battery is reduced
more rapidly; by contrast, the capacity is retained
longer at small C rates. The battery can also be
charged easily at up to a 1 C rate. The solar PV mod-
ule was able to generate sufficient power to easily
charge the battery at up to 0.5C rate.

7. Conclusion

In this study, a simplified model of a lithium poly-
mer battery was used to capture the dynamic behav-
ior of the battery. The model employs an electrical
circuit model to forecast the dynamic characteristics
of the battery, including the non-linear relation

between V. and the battery SOC. A model for SOC
tracking and runtime prediction was used to calculate
the battery open circuit voltage. A simple experimen-
tal test procedure that could be rapidly executed was
used to determine the electric parameters of the
model. Simulation results confirmed the successful
charging of the lithium polymer battery using Solar
PV module. In addition to the battery, a Solar PV
module and buck converter for charging the battery
were also modeled. The model was able to capture
the dynamic behavior of the battery during charging
and discharging over a range of C rates. A compari-
son of the simulation results with experimental data
confirmed the satisfactory response of the battery
system model.

Charging & discharging curve of Lithium battery at 0.4C and 0.9C respectively

Battery voltage, Current and SOC
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Discharging current
= Charging current
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Fig. 16. Lithium polymer battery dynamic behavior at different C rates

Charge and discharge curve of Lithium battery at 1C
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Fig. 17. Lithium polymer battery dynamic behavior at 1 C
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Nomenclature
I,  |Reverse saturation current R, |Series resistance of module
1, |Light generated current or photo current R, or R,|Parallel or shunt resistance of module
1,  |Module saturation current SOC |State of Charge
1,,  |Module output current I |Current
V,  |Module output voltage V' |Voltage
T.x |Reference temperature in Kelvin Ah  |Ampere hour
T,x [Module operating temperature in Kelvin V,  |Battery terminal voltage
S |Solar Irradiance in W/m? o Battery terminal voltage just before relaxation
g |Charge of electron (1.6-10° Coulomb) ' |begins
A;  |Ideality factor V,.; |Battery open circuit voltage
k  |Boltzman constant (1.3805-10*J/K) R, |Battery transient resistance
E, |Silicon band gap (1.12 eV) C, |Battery transient capacitance
L, |Short circuit current at (25 °C & S=1000 W/m?) I,  |Battery current
N,  [Number of cells in series R;  |Battery internal resistance
N,  |Number of cells in parallel Hz  |Hertz
K; |Short circuit coefficient at /,,=0.00013 A/°C Lipo |Lithium polymer
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