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Abstract—Maximum power point tracking (MPPT) is used
in photovoltaic (PV) systems to maximize the photovoltaic array
output power, irrespective of the temperature and irradiation
conditions and of the load electrical characteristics. A new MPPT
system has been developed, consisting of a Buck-type dc/dc converter, which is controlled by a microcontroller-based unit. The
main difference between the method used in the proposed MPPT
system and other techniques used in the past is that the PV array
output power is used to directly control the dc/dc converter, thus
reducing the complexity of the system. The resulting system has
high-efficiency, lower-cost and can be easily modified to handle
more energy sources (e.g., wind-generators). The experimental
results show that the use of the proposed MPPT control increases
the PV output power by as much as 15% compared to the case
where the dc/dc converter duty cycle is set such that the PV array
produces the maximum power at 1 kW/m2 and 25 C.

the method itself is not very accurate, since it does not take into
account the effects of temperature and irradiation variations.
In the PV current-controlled MPPT system [2] shown in
Fig. 1(b), the PV array output current is compared with a
reference current calculated using a microcontroller, which
compares the PV output power before and after a change
in the duty cycle of the dc/dc converter control signal. The
PI controller regulates the PV output current to match the
reference current.
The incremental conductance method proposed in [3] and
[4] is based on the principle that at the maximum power point
0 and, since
, it yields

Index Terms—Battery charging, dc/dc converters, maximum
power point tracking, microcontrollers, photovoltaic systems.

(1)

I. INTRODUCTION

A

S people are much concerned with the fossil fuel exhaustion and the environmental problems caused by the
conventional power generation, renewable energy sources and
among them photovoltaic panels and wind-generators are now
widely used. Photovoltaic sources are used today in many
applications such as battery charging, water pumping, home
power supply, swimming-pool heating systems, satellite power
systems etc. They have the advantage of being maintenanceand pollution-free but their installation cost is high and, in
most applications, they require a power conditioner (dc/dc or
dc/ac converter) for load interface. Since PV modules still have
relatively low conversion efficiency, the overall system cost can
be reduced using high efficiency power conditioners which, in
addition, are designed to extract the maximum possible power
from the PV module [maximum power point tracking (MPPT)].
A very common MPPT technique [1] is to compare the PV
array voltage (or current) with a constant reference voltage (or
current), which corresponds to the PV voltage (or current) at the
maximum power point, under specific atmospheric conditions
[Fig. 1(a)]. The resulting difference signal (error signal) is used
to drive a power conditioner which interfaces the PV array to
the load. Although the implementation of this method is simple,
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where , , and are the PV array output power, voltage and
current, respectively. This method is implemented [3] as shown
in Fig. 1(c). A PI controller is used to regulate the PWM control
signal of the dc/dc converter until the condition:
is satisfied. This method has the disadvantage that
the control circuit complexity results in a higher system cost.
can
Alternatively, as proposed in [5], the power slope
be calculated digitally by sampling the PV array output current
and voltage at consecutive time intervals
and
as follows:
(2)
where

The power slope given in (2) can be applied to a PI controller
0. Since this method
driving a dc/dc converter until
requires a fast calculation of the power slope, its implementation
is expensive.
For battery charging applications, where the dc/dc converter
output voltage can be assumed almost constant, a feed-forward
MPPT controller [6] may be applied, as shown in Fig. 1(d). The
value of the battery charging current is used to directly control the duty cycle of the PWM control signal applied to the
dc/dc converter. An output power increase results in both higher
output current and higher PWM control signal duty cycle, until
the maximum power is transferred to the load. This method has
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Fig. 1. Past proposed MPPT control systems. (a) MPPT control system with constant voltage or current reference. (b) MPPT control system with current reference.
(c) MPPT system with the incremental conductance control method. (d) Feed-forward maximum power tracking control system.

the disadvantage that it can be used only in applications where
the output voltage remains relatively constant.
In the method described in [7], the power converter is controlled using the PV array output power [Fig. 2(a)]. The MPPT
control algorithm [Fig. 2(b)] is based on the calculation of the
PV output power and of the power change by sampling voltage
and current values. The power change is detected by comparing
the present and previous voltage levels, in order to calculate a
which is used to produce the PWM conreference voltage
trol signal. The dc/dc converter is driven by a DSP-based controller for fast-response and the overall system stability is improved by including a PI controller which is also used to match
the array and reference voltage levels. However, the DSP-based
control unit increases the implementation cost of the system.
Also, as explained in the description of the proposed system in
Section IV, the measurement of the array voltage is not necessary for the power change detection, if the appropriate control
software is used. A similar method has been proposed in [8],
where the reference voltage is calculated as
(3)
where
sampling instants;
step size;
instantaneous power slope at the solar array
output.
is chosen according to the system stability reThe step size
quirements. Both previous methods have the disadvantage that

two control loops are required; the first to control
, and the
second to control the array voltage according to the reference
voltage set in the first loop, so the control system design is complicated because of interaction between these loops.
Most of the preceding MPPT design methods are based on the
regulation of the PV array output voltage or current according
to a reference voltage or current signal, which is either constant or is derived from the PV array output characteristics (e.g.,
power or power change). A variation of these methods is to directly use the dc/dc converter duty cycle as a control paramto zero, where
is the
eter and force the derivative
PV array output power and is the duty cycle, thus only one
control loop is required. In [9] an analog controller is proposed,
equals
where a dc/dc converter is controlled so that
is the dc/dc converter output current. Howzero, where
ever, this method cannot be applied when the converter operates in the discontinuous conduction mode, because in that case
the duty cycle is a nonlinear function of the output current, and
thus, local power maxima could exist and the MPPT cannot assure the overall maximum power output. In PV applications, the
converter may operate in the discontinuous conduction mode in
case of low irradiation, so the application of the above method
results in power loss. Also, if the converter is designed to operate in the continuous conduction mode even for small input
power levels, then a large output inductor is required which increases the system size and cost.
In the method proposed here [Fig. 7(a)], a microcontroller is
used to measure the PV array output power and to change the
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This paper is organized as follows: the PV module and
Buck converter characteristics are analyzed in Sections II and
III, respectively, the proposed system design is presented in
Section IV and the theoretical and experimental results are
given in Section V.
II. PV MODULE CHARACTERISTICS
The equivalent circuit of a PV module is shown in Fig. 3(a),
while typical output characteristics are shown in Fig. 3(b). The
characteristic equation for this PV model is given by [10], [11]

(4)
where

and
and

Fig. 2. DSP-controlled maximum power point tracking system: (a) the block
diagram and (b) the MPPT control flowchart.

duty cycle of the dc/dc converter control signal. By measuring
the array voltage and current, the PV array output power is calculated and compared to the previous PV array output power.
Depending on the result of the comparison, the duty cycle is
changed accordingly and the process is repeated until the maximum power point has been reached. The proposed system could
be easily implemented also with analog circuits, instead of using
a microcontroller, but the design described above has the advantage that it permits easy modification, if additional renewable
energy sources (e.g., more PV arrays or wind generators) are
used. Also, in case that the system is used in a solar-powered
vehicle, the microcontroller MPPT algorithm can be easily modified to examine the existence of multiple local maxima in the
array P–V curve, which might occur because of array damage
or partial shading.
The implementation of the proposed method uses a low-cost,
low-power consumption microcontroller, which controls a highefficiency Buck-type dc/dc converter and performs all control
functions required by the MPPT process and battery charging,
if required.

cell output current and voltage;
cell reverse saturation current;
cell temperature in C;
Boltzmann’s constant;
electronic charge;
short circuit current temperature coeffiA/ C
cient at
;
solar irradiation in W/m ;
short-circuit current at 25 C
and 1000 W/m ;
light-generated current;
band gap for silicon;
ideality factors;
K reference temperature;
cell saturation current at ;
shunt resistance;
series resistance.
The variation of the output I-V characteristics of a commercial PV module as function of temperature and irradiation is
shown in Fig. 4(a) and (b), respectively. It is seen that the temperature changes affect mainly the PV output voltage, while the
irradiation changes affect mainly the PV output current. The intersection of the load-line with the PV module I-V characteristic, for a given temperature and irradiation, determines the operating point. The maximum power production is based on the
load-line adjustment under varying atmospheric conditions.
III. BUCK CONVERTER ANALYSIS
The Buck converter equivalent circuit diagram and its associated theoretical waveforms are shown in Figs. 5 and 6, respectively. Depending on the load and the circuit parameters, the
or disconinductor current can be either continuous
before the end of the switching period].
tinuous
The inductor value, , required to operate the converter in
the continuous conduction mode is calculated such that the peak
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Fig. 3. (a) Equivalent circuit of a PV module and (b) typical PV module current-voltage and power-voltage characteristics.

inductor current at maximum output power does not exceed the
power switch current rating [12]. Thus, is calculated as
(5)
where
switching frequency;
duty cycle at maximum converter output
power;
peak-to-peak ripple of the inductor current;
maximum of the dc component of the output
voltage;
dc component of the output current at maximum output power.
The output capacitor value calculated to give the desired
peak-to-peak output voltage ripple is
(6)
is the output voltage ripple factor defined as
(usually
and
is the output
voltage peak-to-peak ripple at maximum power.
Taking into account that the ripple of the PV output current
must be less than 2% of its mean value, [12], the input capacitor
value is calculated to be

where

(7)
is the converter input current at maximum input
where
is the PV array internal resistance at the
power, while
maximum power point and is defined as
(8)

where
is the PV array output voltage at the maximum
power point.
When the Buck converter is used in PV applications, the input
power, voltage and current change continuously with the atmospheric conditions, thus the converter conduction mode changes
is changed
since it depends on them. Also, the duty cycle
continuously in order to track the maximum power point of
the PV array. The choice of the converter switching frequency
and the inductor value is a compromise between converter efficiency, cost, power capability and weight. For example, the
higher the switching frequency, the lower the inductor core size,
but the power switch losses are higher. Also, by using a large
value, the peak-to-peak current ripple
is smaller, requiring
lower current rating power switches, but the converter size is increased substantially because a larger inductor core is required.
IV. PROPOSED SYSTEM
A block diagram of the proposed system is shown in Fig. 7(a).
A Buck-type dc/dc converter is used to interface the PV output
to the battery and to track the maximum power point of the PV
array. A more detailed diagram is illustrated in Fig. 7(b). The
converter power switch consists of one or more parallel-conis of a fast
nected power MOSFET’s. The flyback diode
switching type. The output inductor is wound on a ferrite-core
with air-gap to prevent core saturation that might be caused by
a large dc current component value. The inductor together with
the input and output capacitor values are calculated according
to the procedure described in the Appendix.
In the configuration of Fig. 7(b) a battery stack is used as
the PV array load. For given atmospheric conditions, the bat-
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Fig. 4. Eharacteristic of a PV module with temperature and irradiation: (a) constant irradiation and varying temperature and (b) constant temperature and varying
irradiation.

Fig. 5.

Equivalent circuit diagram of the Buck converter.

tery charging current depends on the PV output power and the
battery voltage. The battery voltage increases according to the
charging level and it is monitored to prevent overcharging.
The system control unit consists of:
a) Intel’s 80C196KC low-power consumption, CMOS microcontroller with external EPROM and SRAM;
b) interface circuits which comprise of sensors and signal
conditioners connected to the microcontroller A/D converter;
c) IC driver for the power MOSFET(s).
The power consumed by the control unit is about 1 W and supplied by the battery which is being charged by the dc/dc converter.
The microcontroller unit 80C196KC features a 10-bit, eightchannel, successive approximation A/D converter, used by the
control program to measure the signals required for the power
flow control. The 10-bit resolution is adequate for the present
application. Also, it features three PWM outputs with program-

controlled duty cycle and 39.2-kHz maximum frequency when
driven by the 20-MHz clock of the unit. Each of the PWM outputs can be used to control a separate MPPT system. This type
of microcontroller was chosen because it has the necessary features for the proposed system, such as an on-chip A/D converter,
PWM outputs, 16-bit architecture, high clock rate, low-power
consumption and low cost.
The converter input current, , has the pulse-type waveform
shown in Fig. 6(a) and (b) for both continuous and discontinuous
conduction modes. A current transformer with a rectifier-RC
filter combination can be connected to the secondary winding
for the measurement of the current mean value which is proportional to the PV array output current. For a higher accuracy, a
Hall-effect sensor or a current shunt could be used. However,
the Hall-effect sensor is more expensive and the current shunt
has more power losses.
The flowchart of the control program is shown in Fig. 8.
“Slope” is a program variable with values either 1 or 1, indi-

KOUTROULIS et al.: MICROCONTROLLER-BASED, PHOTOVOLTAIC MAXIMUM POWER POINT TRACKING CONTROL SYSTEM

51

Fig. 6. Buck converter waveforms (a) continuous conduction mode and (b) discontinuous conduction mode.

cating the direction that must be followed on the hill-shaped PV
array output power curve in order to increase its output power,
while “ ” is a constant between 0 and 1. Since an 8-bit CPU
register is used to store the PWM duty cycle in the present application, the value of “ ” is made equal to 1/256. Initially, the
value of “Slope” is set to 1. In each iteration, the dc/dc converter
input voltage and current are measured and the input power
is calculated. The input power is compared to its value calculated in the previous iteration and according to the result of the
comparison, the sign of “Slope” is either complemented or remains unchanged. Then, the PWM output duty cycle is changed
accordingly. The MPP tracking process is shown in Fig. 8(b).
The starting points vary, depending on the atmospheric conditions, while the duty cycle is changed continuously, according to
the above-mentioned algorithm, resulting in the system steadystate operation around the maximum power point. The battery
voltage is monitored continuously and, when it reaches a predetermined level, the battery charging operation is stopped in
order to prevent overcharging.
V. THEORETICAL AND EXPERIMENTAL RESULTS
A prototype MPPT system has been developed using the
above-described method and tested in the laboratory. The PV
array, which is to be used with this system, consists of 16 AEG,
PQ10/40 type modules, giving a 614.4 W maximum power and
an 89.6 V open-circuit voltage at an irradiation of 1 kW/m and
a temperature of 25 C. The PV module specifications given
by the manufacturer are shown in Fig. 9. In order to test the
proposed system under various atmospheric conditions, the PV

array was first simulated with a dc power supply by adjusting
its output voltage and current limit settings. The power switch
consists of two MOSFET’s rated at 200 V, 30 A each, while
the flyback diode has a 200 ns reverse-recovery time. The
calculated input and output capacitor values are 470 F and
4700 F, respectively. The output inductor value is 30 H and
is wound on a ferrite core with a 3-mm air gap.
The system efficiency is defined as
(9)
and
are the dc/dc converter input and output
where
is the power loss. The power loss
power, respectively, while
consists of the MOSFET and diode conduction and switching
losses, the inductor core and copper losses and the control
system power consumption.
The theoretical values were calculated using data given by
the manufacturers of the circuit elements. The theoretical and
measured efficiency for various output power levels is shown in
Fig. 10. It is seen that the efficiency is quite high and relatively
constant for a wide output power range.
The actual PV output power and the corresponding theoretical maximum output power for various irradiation levels is
shown in Fig. 11(a). It is seen that the proposed system always
tracks the PV maximum power point. Fig. 11(b) shows the
PV output power for various irradiation levels, with the MPPT
control disconnected and with the dc/dc converter duty cycle
set such that the PV array produces the maximum power at 1
kW/m at 25 C. The theoretical maximum PV power at each
irradiation level is also indicated in the figure. A comparison
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Fig. 7.
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Proposed system: (a) block diagram and (b) more detailed diagram.

between Fig. 11(a) and (b) shows that the use of the proposed
MPPT control system increases the PV output power by as much
as 15% for irradiation in the range of 0.2–0.75 kW/m at 25 C.
As explained in Section IV, the MPPT operation in the proposed
system is based on the dc/dc converter control algorithm using
the actual PV array output power irrespective of the irradiation
and temperature conditions, so the system performance for different operating atmospheric conditions was not further investigated.
The execution time of the control algorithm loop, shown in
Fig. 8(a), has been calculated to be less than half a millisecond,
while the time constant of the dc/dc converter is of the order of
several milliseconds. Since both the sun irradiation and the air
temperature change slowly during the daytime, the system is expected to track effectively the PV maximum power point, under
normal changes of atmospheric conditions (e.g., cloud shadowing). This has been also verified experimentally by partially
covering the PV modules and noting that the system tracked successfully.
The power MOSFET source voltage waveforms when the
dc/dc converter operates in the continuous and the discontinuous conduction modes observed on an oscilloscope are shown
in Fig. 12(a) and (b), respectively. The ringing observed in the
discontinuous conduction mode is caused by the parasitic ca-

Fig. 8. MPPT control: (a) program flowchart and (b) MPP tracking process.

Fig. 9. PV module specifications under standard test conditions (A.M. = 1.5
and irradiation = 1 kW/m ).

pacitance of the MOSFET source and the output inductor [13],
but it does not affect the MPPT operation.
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System efficiency under PV MPPT conditions at 25 C.

Fig. 12. Oscilloscope MOSFET source voltage waveforms when the
dc/dc converter operates in (a) the continuous conduction mode and (b) the
discontinuous conduction mode.

Fig. 11. (a) Theoretical and measured PV output power under MPPT
conditions at various irradiation levels and (b) the actual PV output power and
the corresponding theoretical maximum PV power at various irradiation levels
when the dc/dc converter duty cycle is set such that the PV array produces the
maximum power at 1 kW/m at 25 C.

The measured input and output voltage ripple factors are
1.4% and 0.5%, respectively, under full-loading conditions.
VI. CONCLUSION
The PV array output power delivered to a load can be maximized using MPPT control systems, which consist of a power
conditioner to interface the PV output to the load, and a control
unit, which drives the power conditioner such that it extracts

the maximum power from a PV array. In this paper, a low-cost,
low-power consumption MPPT system for battery charging has
been developed and tested. The system consists of a high-efficiency, Buck-type dc/dc converter and a microcontroller-based
unit which controls the dc/dc converter directly from the PV
array output power measurements. Experimental results show
that the use of the proposed MPPT control increases the PV
output power by as much as 15% compared to the case where
the dc/dc converter duty cycle is set such that the PV array produces the maximum power at an irradiation level of 1 kW/m
and 25 C.
The proposed control unit can be implemented also with
analog circuits, but the microcontroller-based alternative
was chosen since it permits easy system modifications. The
proposed system can be used in a hybrid system where the
microcontroller performs simultaneously the MPPT control of
more than one renewable energy source. Furthermore, it can
be coupled with an uninterruptible power supply system in
commercial buildings or it can be used to supply power to the
electrical grid through a dc/ac converter.
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