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Abstract —This work deals with the design and a fotype
implementation of a real time maximum power pointatker
(MPPT) for photovoltaic (PV) panel aiming to imprev energy
conversion efficiency. This MPPT algorithm is integted in the
charging process of lead-acid batteries making amt@omous
system that can be used to feed any autonomousiegiibn.

The photovoltaic system exhibits a non-linear i-hiaracteristic
and its maximum power point varies with solar inatibn and
temperature. To control the maximum transfer powéom a PV
panel the Perturbation and Observation (P&0O) MPPTgarithm is
executed by a simple microcontroller ATMEL ATTINY&% using
the PV voltage and current information and controllg the duty
cycle of a pulse width modulation (PWM) signal apgd in to a
DC/DC converter. The schematic and design of thegs-ended
primary inductance converter (SEPIC) is presentethis DC/DC
converter is chosen becausiee input voltage can be higher or lower
than the output voltage witch presents obvious desadvantages.

With the P&O MPPT algorithm implemented and execdtéy
the microcontroller, the different charging stagesf a lead-acid
battery are showed and executed. Finally, experinadmresults of
the performance of the designed P&0O MPPT algorithrare
presented and compared with the results achievethtie direct
connection of the PV panel to the battery.

I.  INTRODUCTION

Recently, the concern for environmental issue hasnb
rising in the world such as global warming by exdtawg
carbon dioxide (CO2) and breaking of ozone layerfigpn
gas. On December 1997, during the Kyoto Conferemce
Climate Change (COP3) it was agreed that by the 2642
the developed countries would reduce at least 5%hefjreen
house gases compared with year 1990 [1]. Moreothes,
global energy shortage and the need for sustainaidézgy
systems enforce the development of power supplyctires
that are based mainly on renewable resources.

Photovoltaic (PV) system is gaining increased ingme as
a renewable source due to advantages such as shacabof
fuel cost, little maintenance and no noise and wea to
absence of moving parts. But there are still twangdpal
barriers to the use of photovoltaic systems: tigh mstallation
cost and the low energy conversion efficiency.

A PV panel is a non-linear power source, i.e. itgpat
current/power depends on the terminal operatingagel and
the maximum power generated by the system changts w
solar radiation and temperature. To increase thie oatput
power/cost of installation it is important that P¥nel operates
in maximum output power (MPP).

This paper will aboard two principal subjects: thi®PT
algorithms using a DC/DC converter and the lead-heiteries
charging process. Thus, this work shows the deaiuh the
prototype implementation of a MPPT algorithm for
photovoltaic system with the objective to improveeryy
accumulation. This MPPT algorithm is integratedire of the
main stages of the charging process of lead-acitlrixs
making an autonomous system that can be used tb deg
autonomous application. The P&O MPPT algorithmdedito
control the maximum transfer power from a PV pafdiis
algorithm is executed by a microcontroller using tRV
voltage and current data to control the duty cyafle pulse
width modulation signal applied in to a DC/DC coriee. The
schematic and design of the DC/DC converter is arptl.
The DC/DC converter used is the SEPIC because silyea
adapts any PV output voltage to any battery inpltage. This
MPPT algorithm is used in one of the two main chayg
stages of a lead-acid battery. Finally, the twomeharging
stages of a lead-acid battery are presented aneriexgntal
results of the performance of the designed P&O MPPT
algorithm are presented and compared with the tesul
achieved with the direct connection of the PV pateelthe
battery.

One of the most frequently used MPPT methods is the
perturbation and observation algorithm, althoughis th
algorithm has some converging problems with rapidly
insolation changes. This problem can be solved gusire
solution presented in [2]. In this work, PV voltaged current
are measured in the middle of the sampling periodking
possible to determine if the verified changes ate do
perturbation algorithm or shadows that cover thep@xel.

Another popular MPPT algorithm is the incremental
conductance method (IncCond) [3]. The authors dpes the
incremental conductance MPPT algorithm avoiding the
drawbacks of the P&O MPPT algorithm. It is basedtenfact



that the derivative of the output power P with extpto the
panel voltage V is equal to zero at the maximum gropoint
(MPP). The solar panel's P-V characteristics pteskim Fig. 2
show further that the derivative is greater tharo ze the left
of the MPP and less than zero to the right of tHePMThis
algorithm shows that enough information is gatheted
determine the relative location of the MPP by meaguonly
the incremental and instantaneous panel conducsadtieV
and I/V, respectively.

In this work the Perturb and Observe MPPT algoritlias
chosen, due to its simplicity and to its low congtianal
power needs [4]. This work will also show and ekpléhe
different charging stages of a lead-acid battery.

This paper is divided in 8 sections, as followsctiem 2
presents the panel characteristics, section 3 miesthe
DC/DC SEPIC schematic and design, section 4 shdwes
perturbation and observation maximum power poiatKking
algorithm. Section 5 presents the algorithm progote the
different stages of the lead-acid battery chargprgcess,
section 6 shows the implemented prototype boarctjose 7
discuss the experimental results of charging with P&O
MPPT algorithm and with out it ending with the chrsions
presented in section 8.

Il. SOLAR ARRAY CHARACTERISTICS

The maximum power point of a solar panel changes
accordance with changes in the solar irradiance pamkl
temperature. The typical characteristic curves enirwversus
voltage, power versus voltage at different levefs solar
irradiation and power versus voltage at differemhperatures,
are illustrated in Fig. 1, Fig. 2 and Fig.3, respety.
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Fig.1. - I-V characteristics of a photovoltaic pkfoe various values of

irradiance S at a temperature of 25 °C.
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Fig. 2. - P-V characteristics of a photovoltaic panel forieas values of
irradiance S at a temperature of 25 °C.
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Fig. 3. - P-V characteristics of a photovoltaic @idior various values of
temperature T at an irradiance of 1000W,

Fig. 1 illustrates the operating characteristictioé panel
under several given solar insolations. It congi$tsvo regions:
one is the current source region, and the othéhdsvoltage
source region. In the voltage source region, theermal
impedance of the panel is low. That region is igatrside of
the current-voltage curve. The current source regio which
the internal impedance of the panel is high, ithatleft side of
the current-voltage curve. The MPP of the pandbdéated at
the knee of the current-voltage curve. According the
maximum power transfer theory, the power delivetedhe
load is maximum when the source internal impedanathes
the load impedance.

Thus, the impedance seen from the converter irigat(san
be adjusted by PWM control signal) needs to matoh t
internal impedance of the panel if the system guired to
operate at or near the MPP of the solar arrayhdf dystem
operates on the voltage source region (namely fopetance
region) of panel characteristic curve, the panehieal voltage
will collapse [5].



From Fig. 2 and Fig. 3, it is observed that eadtvelas a
maximum power point (MPP), which is the optimal rgoior
the efficient use of the panel and this point dejgenf the
values of the temperature. The main function of RFVI is to
adjust the panel output voltage to a value which planel
supplies the maximum energy to the load [6]. Thelied
MPPT algorithm will be explained in section 4.

I1l. DC/DCSEPICCONVERTER

To implement the MPPT algorithm it is used the SEPI

(single-ended primary inductance converter). Thi€/[DC
converter is in an increasingly popular topologgrtigularly in
battery powered applications, as the input voltage be
higher or lower than the output voltage which pnés@bvious
design advantages. In this work, for implementatioh
maximum power point tracker, a SEPIC working intammous
conduction mode is used as the power-processirtg $witch

value for both input and output inductors in SERI€signs
although when two separate parts are being usesd ftot
essential.

Having selected the inductance value we now need to
calculate the required RMS and peak current ratfngdoth
inductors. For input inductor,L
(Vout X low/(Vin (min) * efficiency)

Iims= (12 x 0.6)/(12 x 0.9) = 0.667A

Ipeak= lrms + (0.5 X kippie)

Although worst case ripple current is at maximunpuin
voltage the peak current is normally highest at iigimum
input voltage.

Iripple = (th)/L

Lippie = (12 x 3.42 x 16)/ 150 x 1¢° = 0.27A

Ipeak= 0.667 + 0.135 =0.804A

So a 150pH, 0.667Arms and 0.804Apk rated inducsgor i
required. For the output inductog:L

lrms =

mosfet M the PWM is controlled with switching frequency of | . =,,=0.6A

125kHz. The power flow is controlled by adjustidge ton/off

lLippie = (16 x 3.42 x 16)/ 150 x 10° = 0.365A

duty ratio of the switch M Fig. 4 shows the schematic of the lpeak= 0.6 + 0.182 = 0.782A

DC/DC converter implemented.
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Fig. 4. - SEPIC DC/DC converter circuit.
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So a 150pH, 0.6Arms and 0.782Apk rated inductor is
required.

Finally, the SEPIC components used are=l150pH L, =
150uH with L= 2.0A because if }f = 6V I;,s Will be near to
the double of the calculated current fof ¥ 12V, G = 47 uF,
C,=47uF, G=47uF, M of I = 2.0A and a shotkhy diode
D; of Iyax 2.0A.

IV. THE P&O MAXIMUM POWERPOINT TRACKING
ALGORITHM

The P&O is one of the so called ‘hill-climbing’ nhetds,

Using a PV panel with the following characteristicsvhich are based on the fact that in case of the V-P

maximum power R,=9.31 W, maximum voltage =17.4 V,
maximum current,=0.54 A, open circuit voltage oy = 21.2

characteristic, on the left of the MPP the variatid the power
against voltage dP/dV > 0, while at the right, dPAD Fig. 2

V, curt circuit currentd=0.66 A, the DC/DC design starts with[7]-

the selection of the two separate inductogsahd L,. For a
general working point with:

Input voltage (V) — 12V — 16V,

Output (Mot & low) — 12V, 0.6A;

Switching frequency (Fs) — 125kHz;

Expected efficiency - 90%

First it is need to calculate the duty cycle; D mMVou +
Vin); The worst case condition for inductor ripple rewt is at
maximum input voltage so; D = 12/(12 + 16) = 0.429;

Calculating the value of L

V = L di/dt

Where V is the voltage applied to the inductor, r_the
inductance, di is the inductor peak to peak riplgent and dt
is the duration the voltage is applied for. Hence:

L = V.du/di

dt=1/Fsx D dt = 1/(125 x3) 0.428 = 3.42 s

V = Vj, during the switch ON time so;

L, = 16 x (3.42 x 16/0.4) lL=136.8 pH

Using the nearest preferred value would lead tcs#iection
of a 150 pH inductor. It is common practice to sethe same

In Fig. 2, if the operating voltage of the PV pariel
perturbed in a given direction and dP/dV > 0, iki®wn that
the perturbation moved the panel's operating poward the
MPP. The P&O algorithm would then continue to pertthe
PV panel voltage in the same direction. If dP/dd,<hen the
change in operating point moved the PV panel awam fthe
MPP, and the P&O algorithm reverses the directibrihe
perturbation [8].

The main advantage of the P&O method is that @aisy to
implement, and its low computational demand. Howeitdas
some limitations, like oscillations around the MRPsteady
state operation, slow response speed, and traékingrong
way under rapidly changing atmospheric conditions.
(8][9][10].

To reduce the presented limitations it will be wsed use a
small sampling rate. In this work it was used adarg rate of
100 ms.

Using the SEPIC with current and voltage resista®esors
illustrated in Fig. 5, the P&0O MPPT algorithm was
implemented. The MPPT algorithm needs only the BWage



and current information, the battery voltage andrent To achieve a fast, safe and complete battery leatl-a
information will be needed for the battery chargprgcess. charging process, some of the manufacturers recoime
dividing the charging process in four stages thatdesignated
by: (i) trickle charge, (ii) bulk charge, (iii) oveharge and (iv)

PV R. %ECPS((:: R Battery float charge [12] and [13]. Fig. 7 show the curedscurrent
R, R. CONVERTER R, R. and voltage applied to the battery during the cingrgrocess.

Fig. 5. - Voltage and current sensors for MPPT lzettlery charging
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Ro=Rs=0.01Q and R=R;=910KQ) R,=R,=150kQ
The flow chart of the P&O MPPT implemented algaritis

illustrated in Fig. 6. It
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Fig. 7. - Current and voltage curves in the foagss of battery charging.

A. 1° Stage (fromgfo T,) — Trickle Charge

This first stage appears when the battery voltageeiow the
value \epcenss This voltage value, specified for the
manufacturers, shows that the battery arrives stcittical
discharge capacity. In this condition the battdrgidd receive

BN BN BN BWIN= a small charge c_urrent defined ky that has a typi<_:a| value of
PWM+K PWM-K PWM-+K PWM-K C/100 where C is the normal battery capacity withOahours
i l i l charging process. This small currert is applied until the

battery voltage reaches the value ofu¥eng This stage also
avoids that some accident could happens in the afage one
battery element is in curt circuit, therefore ifisthreally
The parameter K is the step given to the PWM sighais happens the battery voltage will not grow and ttrenbattery
parameter can vary depending of the working pointhe charging process does not pass for the next stage.

DC/DC converter, linear or no linear region. B. 20 Stage (from;fo T,) — Bulk Charge

_The MPPT control circuit is impleme_znted in a After the battery voltage reaches the valugdénes Will be
microcontroller ATTINY861V that has ten 10-bits analog-toyqajivered to the battery a constant curregtd. The buw is

digital (A_/D) _converters and two fast PWM mode sln The yhe mayimum charge current that battery supporth ot a
control circuit compares the PV output power befand after big water losing, and its value is specified by the

a change i_n the duty ratio of the DC/DC convertentol o tacturers. This current is applied until thedyg voltage
S|gnal._ It S expected  that t_he MPP presents a taohs \o,ches the maximum value of over charge voltaginet by
oscillation inherent to the algorithm. Voo, and specified by the manufacturers.

C. 3°Stage (fromsfo T;) — Over Charge
The complete battery charging demands to the ciertra During this stage the control algorithm should tetpi the
complex control strategy, in witch it would be pibss to battery voltage in the 3¢ for the complete charge has been
charge the battery, between its limits, in thediapbssible way reached. When the charging current fall down to ra- p
thus daily period of energy generation of the P\hgais established valuestc and the voltage stays in the valugcy
limited [11]. the next stage will be executed. The value %f lis around
10% of the BULK-

‘ return ‘
Fig. 6. - P&O MPPT algorithm.

V. BATTERY CHARGINGALGORITHM



D. 4° Stage (fromzluntil the end) —Float Charge The battery charging implemented algorithm can densn

In this stage the control algorithm will apply imetbattery a Fig. 8. Where Y and |, are the battery voltage an delivered
constant voltage Moar Which is a specified value by thecurrent and Tis the battery temperature. The maximum value
battery manufacturers. This voltage is appliedhe battery of the Vpc depends of the battery temperature. From Figis8 it
with the objective of avoid its auto-discharge. iDgrthe clear that only the 2° and the 3° stages are ingad from
discharging process the battery voltage will fatlwth and the four stages proposed in [12] and [13].
when it achieves 0.9 ¥/oat the control algorithm will execute
again the 2° stage providing thg,k current. The control
algorithm only returns to the 2° stage if the PVhglais
producing energy, if not the battery will continiie discharge ~ The implemented prototype board is illustrated ig. P. It
process that could reach a voltage below to theuevalcan be seen the PV panel connection in the rigi ef the
VCHGENB, in this situation the control algorithm csiid photo and in the left side the connection to thitebp and to
restart the charging process in 1° stage when Vhpanel will the possible load. The latest described chargiragcgss of
have energy again. lead-acid batteries is executed with the MPPT d&lgor

integrated to make an autonomous system that carséx to

< SttBCH > feed any autonomous load application. This boards wa
developed for feeding led light autonomous sigasilis

| ReadV, l,andT, | systems.

VI. IMPLEMENTED PROTOTYPEBOARD

PWM=
_ Execute MPPT
PWM= PWM-K P&O algorithm
Ib<=ISTEADY
yes no
PWM=0
g ) . "
Fig. 9.- Photo of the MPPT and battery charger prototymed
A A A A
return

Fig. 8. - Battery charging algorithm with two maitages. VIl. P&O MPPTEXPERIMENTAL RESULTS

The experimental results of battery charging usirggP&O
In this work there were made some simplificationsthe MPPT algorithm are divided in two separated teiStst test,
implementation of the four different charging stagé a lead- Using one PV pane_l W'thnﬁng-31 W, Vn=17.4 V, 1,=0.54
acid battery. The 1° stage was not implemented usecthe A and one lead-acid battery with V = 12 V apgF 7.5Ah,
discharge batteries with this prototype board dopass below that consists, first, the PV panel is connecteedtly to the
Veoar. The possible applied load is disconnected from tRattery (first 85x100mseconds) and, second, thepBiel is
battery by the control algorithm avoiding reachingtical connected to the battery using the developed aterboard
discharge. The value of\oar depends or it is a function of running the MPPT algorithm (next 115x100mseconfisf:ond
the battery temperature. test, is equa_l to the one made in the first teshbw using one
The 4° stage was not implemented but the 3° stagePV Panel with Ba=9.31 W, Vf;=17.4 V, |,;=0.54 and four
continued until the charge current reaghdoy and finally the lead-acid batteries with V = 6 V angly = 1.8Ah connected in
charging process is ended. When the PV panel hageto Parallel. _ o o
delivery and the battery voltage is below thgc\the control ~ The tests results are illustrated in Fig 10 fiosing one 12V
algorithm executes the 2° stage. batte”ryI and second, using four 6V batteries comukedh
parallel.
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Fig. 10. - Experimental results of the P&O MP&gorithm power transfer.

From first test it can be seen that charging the¢ battery
with the P&O algorithm, the absorbed power from ¥
panel is around 8W, thus the PV panel operatedlaisuj
around the maximum power point. The algorithm takkeut
60x100mseconds from zero to the MPP. In the te#t thie
direct connection of the PV panel to the batteng, absorbed
power from the PV panel is around 7W.

From second test it can be seen that chargingabe 6V
batteries with the P&O algorithm, the absorbed pdinem the

PV panel is around 7.5W. The algorithm takes abogj

40x100mseconds from zero to the MPP. In the te#t thie
direct connection of the PV panel to the battetiies,absorbed
power from the PV panel is around 4.5W.

The experimental setup with the MPPT has provideays
more delivered energy to the battery than the tizennection.
The MPPT has increased the PV panel capacity oplgup
energy in 12.5% using a 12V battery and 40% using 6V
batteries connected in parallel.

VIIl.  CONCLUSIONS

This work presented a prototype board based in allsm

microcontroller that controls the lead acid batteharging

process and also the correct used of the leadkatidry. The
control algorithm executes the P&0O maximum powempo
tracking function allowing, according to solar dfance, the
transfer of maximum energy generated by photowolpainel
to the battery. This P&O algorithm increase theicefhcy
power transference in comparison to systems thet nat a
MPPT (direct connection), reducing the size andcthet of the
PV panel. The used of the SEPIC has some advaragesise
it easily adapts any PV output voltage to any Ibatiaput
voltage as showed in the presented experiments.

This board assures the fast, safe and completerpadad-
acid charging process and also monitor its disehdrgr future
work the complete charging process should be aedlys
compare with another system working with out P&O P
algorithm. From the preliminary results it is expéeat the
charging process using the MPPT algorithm will &gtér.
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