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Abstract

Solar cells convert sun light into electricity, but have the major drawbacks of high initial cost, low photo-conversion
efficiency and intermittency. The current-voltage characteristics of the solar cells depend on solar insolation level
and temperature, which lead to the variation of the maximum power point (MPP). Herein, to improve photovoltaic
(PV) system efficiency, and increase the lifetime of the battery, a microcontroller-based battery charge controller
with maximum power point tracker (MPPT) is designed for harvesting the maximum power available from the PV
system under given insolation and temperature conditions. Among different MPPT techniques, perturb and observe
(P&O) technique gives excellent results and thus is used. This work involves the design of MPPT charge controller
using DC/DC buck converter and microcontroller. A prototype MPPT charge controller is tested with a 200 W PV
panel and lead acid battery. The results show that the designed MPPT controller improves the efficiency of the PV
panel when compared to conventional charge controllers.

Keywords: PV system, Maximum power point tracker (MPPT), Perturb and observe (P&O) technique, Charge
controller, Microcontroller

1 Introduction
Solar energy is one of the most important renewable energy
resources because it is inexhaustible and eco-friendly, and
has been used to provide light, heat and electricity [1, 2].
Solar PV modules have two major problems of low effi-
ciency and intermittency, i.e. their efficiency of converting
sun light into electric power is generally less than 17%, and
the generated electric power changes with weather condi-
tions [3–5]. Moreover, PV cell characteristics (I-V or V-P)
are nonlinear and changes with insolation and temperature.
In stand-alone solar PV systems, the PV modules and bat-
teries are the most expensive components. When the bat-
teries are directly connected to the PV modules, there is no
protection against overcharging and consequently, battery
life-span decreases. To protect batteries from overcharging
charge controllers can be used, though conventional charge
controllers do not operate PV modules at MPP, resulting in
lower efficiency. To improve the efficiency, it is desirable to

operate the PV module at peak power point to deliver max-
imum power to the batteries.
MPPT techniques are used to extract the maximum

output power from PV modules [6–10], and different DC/
DC converter topologies are used to transfer maximum
power from PV modules to loads/ batteries [11, 12].
Different techniques of MPPT have been proposed, e.g.
open circuit voltage methods [13, 14], short circuit current
methods [15, 16], fuzzy logic technique [17, 18], perturb
and observe (P&O) [19–21], incremental conductance
(IC) technique [22–24].
In this work, a MPPT charge controller based on the

P&O technique is designed, to operate a fixed PV mod-
ule at MPP. The hardware implementation of the de-
signed 200 W MPPT charge controller is carried out and
the prototype is tested for the PV charging system. The
results show that such type of MPPT controller im-
proves the efficiency of PV panels when compared to
conventional charge controllers.
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2 Case description
The renewable energy sources, especially solar cells are
attracting the interests of researchers worldwide due to
their direct conversion of light into electricity. However,
the high-cost, low photo-conversion efficiency and inter-
mittency are still need to be addressed. The case study
involves the design of MPPT charge controller using DC/
DC buck converter and microcontroller. A prototype
MPPT charge controller is tested with a 200W PV panel
and lead acid battery. The as-designed MPPT controller
improves the efficiency of the PV panel when compared
to conventional charge controllers.

3 Discussion and Evaluation
3.1 Photovoltaic system
In PV panels, PV cells convert sunlight into electrical
energy, which is one of the best approaches for achieving
electrical power for long duration. The conversion from
sun light to electrical power greatly depends on various
factors such as the insolation level and cell efficiency.
Solar PV systems are used today in many applications
such as lighting, battery charging, water pumping, and
satellite power systems etc. [25].

3.2 PV cell equivalent circuit
An ideal PV cell can be presented by a current source with
a diode connected in parallel. In the ideal case, the series
and shunt resistances are considered to be zero and infin-
ite, respectively. However, in real system, both the series
and shunt resistances have finite values and must be con-
sidered. In Fig. 1, both the ideal and practical equivalent

circuits of a solar cell are shown. From Fig. 1b the gener-
ated current (I) by the PV cell is given by

I ¼ Isc−Id−Ish ð1Þ

I ¼ Isc−
V þ IRs

Rsh

� �
−Io e

vþIRs
nVT −1

� �
ð2Þ

Where VT is the thermal voltage, Rs and Rsh represent
the internal series and parallel resistances, respectively. Isc
is the short-circuit current, Io is the reverse saturation
current,VD is the voltage across the diode, I is the current
output and n is the ideality factor of the diode (1~ 2).
A simplified model after neglecting the shunt resist-

ance is shown in Fig. 1a, and accordingly the following
equation can be derived.

I ¼ Isc−Io e
vþIRs
nVT −1

� �
ð3Þ

PV cell output voltage can be found by considering
T = KT/q in (3) as

V ¼ −IRs þ AKT
q

ln
Isc þ Io−Ið Þ

Io
ð4Þ

3.3 PV cell I-V curve
PV cells have nonlinear I-V characteristic, which change
with irradiation level and temperature. For standard
temperature (25 °C) and irradiation level (1000 W/m2),
the I-V curve of a PV cell is shown in Fig. 2, where the
maximum power point is always at the knee of the curve
as indicated.

Fig. 1 Equivalent circuit of Solar cell a ideal, b practical

Fig. 2 General I-V curve of PV cell

Fig. 3 Block diagram of PV system with MPPT charger

Fig. 4 Electrical Model of DC/DC Buck converter
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3.4 Block diagrams of the proposed system with MPPT
charge controller
An off-grid PV system usually consists of PV modules
and batteries, which are connected through charge con-
trollers. To improve system efficiency, an MPPT charge
controller has been introduced as shown in the block
diagram in Fig. 3. The MPPT charge controller is con-
nected between the PV module and battery to extract
maximum power from the PV module and deliver to the
battery.

3.5 DC/DC converter
DC/DC converters convert one level of DC voltage to
another. In the designed project, a buck DC/DC con-
verter is used which step down the voltage and step up
the current. The basic components used in the converter
are a power semiconductor switch (M1), an inductor (L),
a diode (D) and a capacitor (C) as shown in Fig. 4.
A buck DC/DC converter has two operation modes

associated to switch M1 being closed and opened, re-
spectively. When the switch M1 is closed at time t = 0,
the input power is supplied to the load through inductor
L. At that time the diode is reverse biased, and IL
current increases at the rate of:

diL
dt

¼ vL
L
¼ vin−vo

L
; t∈ 0;Dt½ � ð5Þ

During this period inductor L is charging. At time t =
t1, switch M1 opens and the energy stored in the in-
ductor is delivered to the load through diode D which
becomes forward biased. The inductor is now dischar-
ging and IL decreases at the rate of.

diL
dt

¼ vL
L
¼ −vo

L
; t∈ Dt;T½ � ð6Þ

The diode remains in forward biased until M1 switch
is closed. During one switching cycle, the average in-
ductor voltage vL is zero under steady state. Since there
are two states of vL, both having constant voltage, the
average value of the output voltage is given by

vo ¼ 1
T

Z T

0
vo tð Þdt ¼ 1

T

Z Dt

0
vin tð Þdt ¼ Dvin ð7Þ

Hence,

vo ¼ Dvin ð8Þ
Duty cycle (D) is given as:

D ¼ ton
ton þ toff

ð9Þ

For continuous conduction mode, the required mini-
mum value of inductance can be expressed as:

L ¼ vo 1−Dð Þ
2Io f PWM

ð10Þ

Fig. 5 Used P&O algorithm

Fig. 6 Picture of the designed MPPT Fig. 7 Value of output Voltage and Current on LCD

Table 1 Solar panel specification at 1000 W/m2 and cell
temperature of 25°

Parameters Specification

Peak Power (Pmax) 200 W

Open circuit voltage/Voc 32.4 V

Max power voltage/Vmp 27 V

Short circuit current/Isc 8A

Max power current/Imp 7.41A
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The capacitor value can be calculated considering the
output ripple voltage as

C ¼ io
4ΔVf PWM

ð11Þ

Where io is the output current, fPWM is the switching
frequency and ΔV is the output voltage ripple.

3.6 Maximum power point tracking
To harvest maximum power from the PV panel a
charge controller with MPPT capability is proposed in
this paper. The two broad categories of MPPT

techniques are the indirect techniques and direct
techniques. Indirect techniques include the fixed volt-
age, open circuit voltage and short circuit current
methods. In this kind of tracking, simple assumption
and periodic estimation of the MPPT are made with
easy measurements. For example, the fixed voltage
technique only adjusts the operating voltage of the
solar PV module at different seasons with the
assumption of higher MPP voltages in winter and
lower MPP voltages in summer at the same irradi-
ation level. This method is not accurate because of the
changing of irradiation and temperature level within the
same season.

Fig. 8 Changing Duty cycles at different power (a, b ,c and d) (time ranges from 5-10 μs and sample rate from 8-16 MHz)

Salman et al. Protection and Control of Modern Power Systems  (2018) 3:25 Page 4 of 8



Another most common indirect MPPT technique is
the open circuit voltage (OV) method. In this method, it
is assumed that:

VMMP ¼ k � Voc ð12Þ

Where k is a constant and its value for crystalline sili-
con is usually to be around 0.7 to 0.8. This technique is
simple and is easier to implement compared to other
techniques. However the constant k is just an approxi-
mation Leading to reduced efficiency, and each time the
system needs to find the new open circuit voltage (Vout)
when the illumination condition changes. To find the
new open circuit voltage, each time the load connected
to the PV module must be disconnected causing power
loss. Direct MPPT methods measure the current and
voltage or power and thus are more accurate and have
faster response than the indirect methods. Perturb and
observe (P&O) is one of the direct MPPT techniques,
which is used here with some modifications.

3.7 Perturb and observe algorithm (P&O)
Typically, P&O method is used for tracking the MPP. In
this technique, a minor perturbation is introduced to,
cause the power variation of the PV module. The PV
output power is periodically measured and compared
with the previous power. If the output power increases,
the same process is continued otherwise perturbation is
reversed. In this algorithm perturbation is provided to
the PV module or the array voltage. The PV module
voltage is increased or decreased to check whether the
power is increased or decreased. When an increase in
voltage leads to an increase in power, this means the op-
erating point of the PV module is on the left of the MPP
[26]. Hence further perturbation is required towards the
right to reach MPP. Conversely, if an increase in voltage
leads to a decrease in power, this means the operating
point of the PV module is on the right of the MPP and
hence further perturbation towards the left is required
to reach MPP. The flow chart of the adopted P&O algo-
rithm for the charge controller is given in Fig. 5. When
the MPPT charge controller is connected between the

PV module and battery, it measures the PV and battery
voltages. After measuring the battery voltage, it deter-
mines whether the battery is fully charged or not. If the
battery is fully charged (12.6 V at the battery terminal) it
stops charging to prevent battery over charging. If the
battery is not fully charged, it starts charging by activat-
ing the DC/DC converter. The microcontroller will then
calculate the existing power Pnew at the output by meas-
uring the voltage and current, and compare this calcu-
lated power to the previous measured power Pold. If Pnew
is greater than Pold, the PWM duty cycle is increased to
extract maximum power from the PV panel. If Pnew is
less than Pold, the duty cycle is reduced to ensure the
system to move back to the previous maximum power.
This MPPT algorithm is simple, easy to implement, and
low cost with high accuracy [26–28].

3.8 MPPT charge controller hardware
The proposed MPPT charge controller is designed using
the Altium Designer software, an electronic design automa-
tion for printed circuit board (PCB), field -programmable
gate array (FPGA) and embedded software design. The pic-
ture of the designed hardware shown in Fig. 6.
The developed MPPT charge controller is connected

between a PV module and battery following the specifi-
cations given in Table 1. In the first observation, the out-
put power of the PV module and the MPPT controller
are calculated. The measured output voltage and current
of the MPPT controller are shown in Fig. 7, and the out-
put power for the PV module and the MPPT controller
are 86.05 W and 79.69 W, respectively.
During the tests, the weather was partially cloudy and

the output of the PV module varied. The output power
of the MPPT controller mainly depends on the PWM
duty cycle, which is shown in Fig. 8.
Two types of experimental testing were performed.

Conventional PWM charge controller was connected to
one panel and the MPPT charge controller was con-
nected to the other panel with the same specifications.
To check the behavior of the controllers at different
weather conditions and irradiance levels, three results of
input and output power were from 2 pm to 3:30 pm at

Table 2 Comparison of PWM and designed MPPT charge controller

Input Reading Output Reading

time Ipv (A) Vpv (V) Ppv (W) Iout (A) Vout (V) Pout (W) Efficiency (%)

PWM charge controller 14:00 7.8 14.4 112.32 5.1 12.6 64.26 57.21%

14:30 6.2 14.1 86.05 4.5 12.5 56.25 65.36%

15:00 4.5 13.9 63.45 3.92 12.7 49.7 78.32%

MPPT charge controller 14:00 7.8 14.4 112.32 6.202 14.1 87.45 77.85%

14:30 6.2 14.1 86.05 5.75 13.86 79.69 92.60%

15:00 4.5 13.9 63.45 3.95 14.01 55.58 87.59%
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30 min interval as listed in Table 2. The efficiencies
shown in Table 2 were determined according to the
measured input and output power.
As shown in Table 2, compared to the conventional

charge controller, the developed MPPT charge controller
significantly improve efficiency for each of the test time.
These results prove that maximum power is harvested
from the PV module by using the MPPT charge control-
ler. When the battery is fully charged (12.6 V), the
MPPT charge controller still provide low current
(5 mA) to avoid self-discharge of the battery. Hence,
the overall efficiency is improved by using the MPPT
charge controller. These results are also depicted in
Figs. 9 and 10.

4 Conclusion
To harvest maximum power from a PV module, MPPT
based on modified P&O algorithm is implemented in
this paper. The hardware consists of a high efficiency
DC/DC buck converter and a microcontroller based
MPPT controller, and is tested for battery charging. A
conventional charge controller and the designed charge
controller are compared when charging a 12 V battery
from a 200 W solar PV module. It shows that the modi-
fied P&O algorithm provides an efficient and reliable
maximum power tracking performance under rapid
change in irradiance and temperature conditions. The
experimental results show that the proposed system is
more efficient than the conventional design.

Fig. 10 Input and output power when: MPPT charge controller is connected

Fig. 9 Input and output power: when conventional PWM charge controller is connected
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