46 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 16, NO. 1, JANUARY 2001

Development of a Microcontroller-Based,
Photovoltaic Maximum Power Point Tracking
Control System

Eftichios Koutroulis, Kostas KalaitzakisMember, IEEEand Nicholas C. Voulgaris

Abstract—Maximum power point tracking (MPPT) is used the method itself is not very accurate, since it does not take into
in photovoltaic (PV) systems to maximize the photovoltaic array account the effects of temperature and irradiation variations.
output power, irrespective of the temperature and irradiation In the PV current-controlled MPPT system [2] shown in
conditions and of the load electrical characteristics. A new MPPT _. . .
system has been developed, consisting of a Buck-type dc/dc con-F'g' 1(b), the PV array output F:urrent ',S compared W'th, a
verter, which is controlled by a microcontroller-based unit. The ~reference current calculated using a microcontroller, which
main difference between the method used in the proposed MPPT compares the PV output power before and after a change
system and other techniques used in the past is that the PV array in the duty cycle of the dc/dc converter control signal. The

output power is used to directly control the dc/dc converter, thus Pl controller regulates the PV output current to match the
reducing the complexity of the system. The resulting system has reference current

high-efficiency, lower-cost and can be easily modified to handle ) .
more energy sources (e.g., wind-generators). The experimental The incremental conductance method proposed in [3] and
results show that the use of the proposed MPPT control increases [4] is based on the principle that at the maximum power point
the PV output power by as much as 15% compared to the case dP/dV = 0 and, since” = V1, it yields

where the dc/dc converter duty cycle is set such that the PV array

produces the maximum power at 1 kw/nf and 25°C. o /

Index Terms—Battery charging, dc/dc converters, maximum == (1)
power point tracking, microcontrollers, photovoltaic systems. al |4

whereP, V, andI are the PV array output power, voltage and
|. INTRODUCTION current, respectively. This method is implemented [3] as shown

S people are much concerned with the fossil fuel ei_ Fig. 1(c). A Pl controller is used to regulate the PWM control

haustion and the environmental problems caused by { ignal of the dc/dc converter until the conditioft! /dV) +

conventional power generation, renewable energy sources &) nTrOI Iﬁrsaﬂsflendq. ;”)‘(': n:eth(ljtd if;]as :ilehdlfadv?r:rt]age 'ihat
among them photovoltaic panels and wind-generators are n \y contro! circuit compiexity resufts in a higher system cost.
Iternatively, as proposed in [5], the power slaffé/dV can

widely used. Photovoltaic sources are used today in m lculated digitallv b ling the PV tout ¢
applications such as battery charging, water pumping, ho calculated digitally by sampiing the array oulput curren
And voltagel” at consecutive time intervals — 1) and(n)

power supply, swimming-pool heating systems, satellite po foll i
systems etc. They have the advantage of being maintenarfte:°' OWS:

and poIIut'ion—.free but their installation cost i.s. high and, in dP P(n) — P(n — 1)
most applications, they require a power conditioner (dc/dc or W(“) = Vin) —V(in—1) (2)
dc/ac converter) for load interface. Since PV modules still have

relatively low conversion efficiency, the overall system cost caghere

be reduced using high efficiency power conditioners which, in

addition, are designed to extract the maximum possible power P(n) = V(n)I(n).

from the PV module [maximum power point tracking (MPPT)].

A very common MPPT technique [1] is to compare the PV The power slope given in (2) can be applied to a Pl controller
array voltage (or current) with a constant reference voltage (@fving a dc/dc converter until?/dV = 0. Since this method
current), which corresponds to the PV voltage (or current) at thgyuires a fast calculation of the power slope, its implementation
maximum power point, under specific atmospheric conditioRs expensive.

[Fig. 1(a)]. The resulting difference signal (error signal) is used For pattery charging applications, where the dc/dc converter

to drive a power conditioner which interfaces the PV array @utput voltage can be assumed almost constant, a feed-forward

the load. Although the implementation of this method is simple4ppT controller [6] may be applied, as shown in Fig. 1(d). The
value of the battery charging current is used to directly con-

Manuscript received April 27, 1999; revised September 25, 2000. Recotiol the duty cycle of the PWM control signal applied to the
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Fig.1. Pastproposed MPPT control systems. (a) MPPT control system with constant voltage or current reference. (b) MPPT control system \eierenent r
(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 whéne control loops are required; the first to cont#gls, and the
the output voltage remains relatively constant. second to control the array voltage according to the reference
In the method described in [7], the power converter is coneltage set in the first loop, so the control system design is com-
trolled using the PV array output power [Fig. 2(a)]. The MPPPlicated because of interaction between these loops.
control algorithm [Fig. 2(b)] is based on the calculation of the Most of the preceding MPPT design methods are based on the
PV output power and of the power change by sampling voltagegulation of the PV array output voltage or current according
and current values. The power change is detected by compating reference voltage or current signal, which is either con-
the present and previous voltage levels, in order to calculatgtant or is derived from the PV array output characteristics (e.g.,
reference voltagél,.;) which is used to produce the PWM con-power or power change). A variation of these methods is to di-
trol signal. The dc/dc converter is driven by a DSP-based catctly use the dc/dc converter duty cycle as a control param-
troller for fast-response and the overall system stability is ineter and force the derivativéP/dD to zero, whereP is the
proved by including a PI controller which is also used to matdPV array output power anf is the duty cycle, thus only one
the array and reference voltage levels. However, the DSP-basedtrol loop is required. In [9] an analog controller is proposed,
control unit increases the implementation cost of the systemhere a dc/dc converter is controlled so tH#$,./dD equals
Also, as explained in the description of the proposed systemzero, wherel,,; is the dc/dc converter output current. How-
Section 1V, the measurement of the array voltage is not neceser, this method cannot be applied when the converter oper-
sary for the power change detection, if the appropriate contates in the discontinuous conduction mode, because in that case
software is used. A similar method has been proposed in [#e duty cycle is a nonlinear function of the output current, and

where the reference voltage is calculated as thus, local power maxima could exist and the MPPT cannot as-

v Vot M- ﬂ 3) sure the overall maximqm power output. In PV appligations, thg

relk+1 = Vrelk AV, converter may operate in the discontinuous conduction mode in

where case of low irradiation, so the application of the above method

Ek+1 sampling instants; results in power loss. Also, if the converter is designed to op-

M step size; erate in the continuous conduction mode even for small input

AP,/AV,  instantaneous power slope at the solar arrggower levels, then a large output inductor is required which in-
output. creases the system size and cost.

The step sizé/ is chosen according to the system stability re- In the method proposed here [Fig. 7(a)], a microcontroller is
quirements. Both previous methods have the disadvantage thedd 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
—N‘r DC/DG P = Buck converter characteristics are analyzed in Sections Il and
PV ARRAY I CONVERTER Ij: I, respectively, the proposed system design is presented in
1 v Section IV and the theoretical and experimental results are

given in Section V.

Il. PV MODULE CHARACTERISTICS

- |y —=d__, The equivalent circuit of a PV module is shown in Fig. 3(a),
| CaIchrl.afltion ' : Componsator | while typical output characteristics are shown in Fig. 3(b). The
L 3 ospcommater characteristic equation for this PV model is given by [10], [11]
@ . q g\ _VHIE
I=1u6 = L {exp [V + IR)] -1} Ry,
4)
Sense V(K), I{k) where
v ;o [T ° qEgo (1 1
Calculate Power e ZE o Bk ZE T
Plky=V(KIik) Ite =[Iscr + K (T — 25)])/100

and
r @ o IandV cell output current and voltage;

I, cell reverse saturation current;
T cell temperature ifC;
Yes @ No No Ye, k Boltzmann’s constant;
A 4 A 4 L 4 A 4 q electronic charge;
VoV, C V, AV, 4C VoV, C ViV, #C Ky =0.0017  short circuit current temperature coeffi-
A/°C cient at/scr;
l A J Jv 4 A solar irradiation in W/rf;
y Iscr short-circuit current at 25C
Roturn and 1000 W/r;
Irg light-generated current;
(b) Eao band gap for silicon;

B =A4=192 ideality factors;
Fig. 2. DSP-controlled maximum power point tracking system: (a) the block _ ° .
diagram and (b) the MPPT control flowchart. T, = 301.18°K  reference temperature;

Lor cell saturation current &t;;
) Ry, shunt resistance;
duty cycle of the dc/dc converter control signal. By measuring i series resistance.

the array voltage and current, the PV array output power is calrhe yariation of the output I-V characteristics of a commer-
culated and compared to the previous PV array output pPOWgh| py module as function of temperature and irradiation is
Depending on the result of the comparison, the duty cycle dfown in Fig. 4(a) and (b), respectively. It is seen that the tem-
changed accordingly and the process is repeated until the max;a1,re changes affect mainly the PV output voltage, while the
imum power pointhas been reached. The proposed system cquldjiation changes affect mainly the PV output current. The in-
be easily implemented also with analog circuits, instead of USifgsection of the load-line with the PV module 1-V character-
amicrocontroller, but the design described above has the advafie for a given temperature and irradiation, determines the op-
tage that it permits easy modification, if additional renewab[gzrating point. The maximum power production is based on the

energy sources (e.g., more PV arrays or wind generators) gj&.jine adjustment under varying atmospheric conditions.
used. Also, in case that the system is used in a solar-powered

vehicle, the microcontroller MPPT algorithm can be easily mod-
ified to examine the existence of multiple local maxima in the
array P-V curve, which might occur because of array damageThe Buck converter equivalent circuit diagram and its associ-
or partial shading. ated theoretical waveforms are shown in Figs. 5 and 6, respec-
The implementation of the proposed method uses a low-castely. Depending on the load and the circuit parameters, the
low-power consumption microcontroller, which controls a highinductor current can be either continudtis(¢) > 0] or discon-
efficiency Buck-type dc/dc converter and performs all contréinuous[é . (¢) = 0 before the end of the switching period].
functions required by the MPPT process and battery charging,The inductor value[, required to operate the converter in
if required. the continuous conduction mode is calculated such that the peak

lll. Buck CONVERTERANALYSIS
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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 tivaere V,,,,, is the PV array output voltage at the maximum
power switch current rating [12]. Thus,is calculated as power point.

Vom (1 — Do) When the Buck converter is used in PV applications, the input

L2 m ®) power, voltage and current change continuously with the atmo-
where spheric conditions, thus the converter conduction mode changes
fo = 1T, switching frequency; since it depends on them. Also, the duty cy€le is changed
D.., duty cycle at maximum converter outputcontinuously in order to track the maximum power point of
power; the PV array. The choice of the converter switching frequency
N peak-to-peak ripple of the inductor current; @nd the inductor value is a compromise between converter ef-
Vi maximum of the dc component of the outpuficiency, cost, power capability and weight. For example, the
voltage; higher the switching frequency, the lower the inductor core size,
TIom dc component of the output current at maxPut the power switch losses are higher. Also, by using a large
imum output power. value, the peak—;o—peak current rippld;, is smaller, requjring _
The output capacitor value calculated to give the desirdVer current rating power switches, but'the converter size is in-
peak-to-peak output voltage ripple is creased substantially because a larger inductor core is required.
€ > Do ©)

7 fsVom IV. PROPOSEDSYSTEM

where r is the output voltage ripple factor defined as A block diagram of the proposed system is shown in Fig. 7(a).
r = (AVom/Vom) (usuallyr < 2%) and AV, is the output A Buck-type dc/dc converter is used to interface the PV output
voltage peak-to-peak ripple at maximum power. to the battery and to track the maximum power point of the PV

Taking into account that the ripple of the PV output currerdrray. A more detailed diagram is illustrated in Fig. 7(b). The
must be less than 2% of its mean value, [12], the input capacit@nverter power switch consists of one or more parallel-con-

value is calculated to be nected power MOSFET’s. The flyback diod? is of a fast
Ci > (1 = Deyp ) om Do @) switching type. The output inductor is wound on a ferrite-core
T 0.02,um Rpom fs with air-gap to prevent core saturation that might be caused by

where I,,,.,, is the converter input current at maximum inpuk large dc current component value. The inductor together with
power, while .., is the PV array internal resistance at theéhe input and output capacitor values are calculated according
maximum power point and is defined as to the procedure described in the Appendix.
R Vinm In the configuration of Fig. 7(b) a battery stack is used as
pUm

- Lyom (8) the PV array load. For given atmospheric conditions, the bat-
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Fig. 5. Equivalent circuit diagram of the Buck converter.

tery charging current depends on the PV output power and #entrolled duty cycle and 39.2-kHz maximum frequency when
battery voltage. The battery voltage increases according to tire&ven by the 20-MHz clock of the unit. Each of the PWM out-
charging level and it is monitored to prevent overcharging. puts can be used to control a separate MPPT system. This type
The system control unit consists of: of microcontroller was chosen because it has the necessary fea-
a) Intel's 80C196KC low-power consumption, CMOS mitures for the proposed system, such as an on-chip A/D converter,
crocontroller with external EPROM and SRAM: PWM outputs, 16-bit architecture, high clock rate, low-power
b) interface circuits which comprise of sensors and sign@nsumption and low cost.

conditioners connected to the microcontroller A/D con- The converter input current,,, has the pulse-type waveform
verter,

shownin Fig. 6(a) and (b) for both continuous and discontinuous
c¢) IC driver for the power MOSFET(s). conduction modes. A current transformer with a rectifier-RC
The power consumed by the control unit is about 1 W and suiiter combination can be connected to the secondary winding

plied by the battery which is being charged by the dc/dc cofer the measurement of the current mean value which is propor-

verter. tional to the PV array output current. For a higher accuracy, a
The microcontroller unit 80C196KC features a 10-bit, eightHall-effect sensor or a current shunt could be used. However,

channel, successive approximation A/D converter, used by tihe Hall-effect sensor is more expensive and the current shunt

control program to measure the signals required for the poweas more power losses.

flow control. The 10-bit resolution is adequate for the present The flowchart of the control program is shown in Fig. 8.

application. Also, it features three PWM outputs with prograniSlope” is a program variable with values either 1-et, indi-
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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 Pafray was first simulated with a dc power supply by adjusting
array output power curve in order to increase its output powés output voltage and current limit settings. The power switch
while “«” is a constant between 0 and 1. Since an 8-bit CPtbnsists of two MOSFET's rated at 200 V, 30 A each, while
register is used to store the PWM duty cycle in the present ghe flyback diode has a 200 ns reverse-recovery time. The
plication, the value of &” is made equal to 1/256. Initially, the calculated input and output capacitor values are 4iFOand
value of “Slope”is set to 1. In each iteration, the dc/dc convertd700..F, respectively. The output inductor value is 38 and
input voltage and current are measured and the input poviemwound on a ferrite core with a 3-mm air gap.

is calculated. The input power is compared to its value calcu-The system efficiency is defined as

lated in the previous iteration and according to the result of the P, P,

comparison, the sign of “Slope” is either complemented or re- "=p ~PF 1P, )
mains unchanged. Then, the PWM output duty cycle is chan eH N .

accordingly. The MPP tracking process is shown in Fig. 8(b). ere Iy, and_Po are t_he glc/dc converter input and output
The starting points vary, depending on the atmospheric con pwer, respectively, whilé is th? power Ioss..The powerllos.s
tions, while the duty cycle is changed continuously, according‘t:(‘i)ns'stS of the MOSFET and diode conduction and switching

the above-mentioned algorithm, resulting in the system stea%j:es’ the inductor core and copper losses and the control

state operation around the maximum power point. The batté¥ Ttﬁmtﬁowe:corsulmptlon. lculated using data. ai b
voltage is monitored continuously and, when it reaches a pre- € theoretical values were calculated using data given by

determined level, the battery charging operation is stoppedt manlijfa(;[_urers O]fc the C_II‘CUIt eltemtents. TTe tr;e(_)retrl]cal a_nd
order to prevent overcharging. 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 theoret-
A prototype MPPT system has been developed using tlwal maximum output power for various irradiation levels is
above-described method and tested in the laboratory. The 8hown in Fig. 11(a). It is seen that the proposed system always
array, which is to be used with this system, consists of 16 AE@acks the PV maximum power point. Fig. 11(b) shows the

PQ10/40 type modules, giving a 614.4 W maximum power afrl/ output power for various irradiation levels, with the MPPT
an 89.6 V open-circuit voltage at an irradiation of 1 kW/emd control disconnected and with the dc/dc converter duty cycle
a temperature of 2%. The PV module specifications givenset such that the PV array produces the maximum power at 1
by the manufacturer are shown in Fig. 9. In order to test th&V/m? at 25°C. The theoretical maximum PV power at each
proposed system under various atmospheric conditions, the iPddiation level is also indicated in the figure. A comparison

V. THEORETICAL AND EXPERIMENTAL RESULTS
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between Fig. 11(a) and (b) shows that the use of the propo:

MPPT control system increases the PV output power by as mt >

as 15% for irradiation in the range of 0.2—0.75 k\W/at 25°C. Duty Cycle

As explained in Section IV, the MPPT operation in the proposed

system is based on the dc/dc converter control algorithm usirig- 8. MPPT control: (a) program flowchart and (b) MPP tracking process.
the actual PV array output power irrespective of the irradiation

and temperature conditions, so the system performance for (f=
ferent operating atmospheric conditions was not further inves
gated.

The execution time of the control algorithm loop, shown ii| Open-circuit Voltage (V) 24.6 224 19.2
Fig. 8(a), has been calculated to be less than half a milliseco
while the time constant of the dc/dc converter is of the order | Short-circuit Current (A) 237 241 246
several milliseconds. Since both the sun irradiation and the
temperature change slowly during the daytime, the systemiis:
pected to track effectively the PV maximum power point, undt
normal changes of atmospheric conditions (e.g., cloud sh:
owing). This has been also verified experimentally by partiall| Maximum Power (W) 42.6 384 324
covering the PV modules and noting that the system tracked s
cessfully.

The power MOSFET source voltage waveforms when th@g- 9. PV module specifications under standard test conditions (415

. ; . d irradiation= 1 kW/m?).
dc/dc converter operates in the continuous and the disconfifi°
uous conduction modes observed on an oscilloscope are shown
in Fig. 12(a) and (b), respectively. The ringing observed in thgacitance of the MOSFET source and the output inductor [13],
discontinuous conduction mode is caused by the parasitic tat it does not affect the MPPT operation.

Fig. 7. Proposed system: (a) block diagram and (b) more detailed diagrarr

Cell Temperature 0°C 25°C 60°C

Maximum Power Current (A) 2.18 2.20 2.23
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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.

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-effi-
ciency, 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 pro-
duces 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
Vas chosen since it permits easy system modifications. The

the corresponding theoretical maximum PV power at various irradiation levél§0P0sed system can be used in a hybrid system where the
when the dc/dc converter duty cycle is set such that the PV array producesithicrocontroller performs simultaneously the MPPT control of

maximum power at 1 kW/fat 25°C.

more than one renewable energy source. Furthermore, it can
be coupled with an uninterruptible power supply system in

The measured input and output voltage ripple factors gg@mmercial buildings or it can be used to supply power to the
1.4% and 0.5%, respectively, under full-loading conditions. €lectrical grid through a dc/ac converter.

VI. CONCLUSION
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