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Maximum Power Point Tracking in Photovoltaic Panels
with Particle Swarm Optimization Algorithm

SUMMARY

Studies on photovoltaic systems are increasing because of a large, secure, essentially
exhaustible and broadly available resource as a future energy supply. However, the
output power induced in the photovoltaic modules is influenced by an intensity of
solar cell radiation, temperature of the solar cells and so on. Therefore, to maximize
the efficiency of the renewable energy system, it is necessary to track the maximum
power point of the input source. Particle swarm optimization (PSO) technique is used
to identify the optimal power point of a photovoltaic module used in a stand-alone
(PV) system.

The PSO algorithm searches the maximum power point of the PV module by
determining the array power at maximum point. The tracked variable is used as a
reference value (set point) to an ON/OFF controller of a dc boost chopper such that the
PV module is forced to operate at the optimal power point. In this thesis the controller
is ATmega32 by ATMEL®,

This microcontroller by measuring voltage and current of panel and changing duty
cycle ON/OFF switch of boost converter, and via PSO algorithm cause panel operate
on maximum power point.

The advantage of this method versus of other method which use microcontroller like
look table-up method, this method does not need any information about panel and
environment condition i.e, we can use this controller for any panel in any condition
also changing of temperature and irradiation does not affect operation.

This method does not need any control loop so it is low cost, which does process
with AVR microcontroller and current sensor. By comparing this algorithm with other
intelligent systems like fuzzy controller or neural network system this algorithm is
more simple.
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Giines Panellerinde Parcacik Siirii
Optimizasyonu ile Maksimum Gii¢ Takibi

OZET

Son yillarda oOzellikle fosil yakitlarin cevreye olan zararlar1 ve bu tiir enerji
kaynaklarinin gittikce azalmasiyla beraber, kiiresel 1sinma ve iklim degisiklikleri
sebebiyle temiz enerji kaynaklarina duyulan gereksinim giderek artmistir. Yerkiirede
bulundugu konum acisindan giineslenme alani ve siiresi oldukga iyi olan Tiirkiye’de
giines enerjisi alternatif enerji kaynagi olarak 6ne ¢ikmaktadir. Bu agidan bakildiginda
giines enerjisi gelecek yillar i¢in yerli enerji kullaniminin yayginlasmasi agisindan
onemli bir alternatif enerji kaynagi olarak karsimiza ¢ikmaktadir.

Fotovoltaik sistemler iizerine olan caligmalar, giines enerjisinin biiyiik, giivenli, hi¢
bitmeyen ve diinyanin her yerinde erigebilen bir enerji kaynagi olmasi nedeniyle
artmaktadir. Giines enerjisini elektrik enerjisine doniistiiren elemanlar giines panelleri
veya fotovoltaik piller olarak adlandirilmaktadir. Giines enerjisi kullaniminin bir¢ok
avantajina karsilik giines panellerinin kurulum maliyetlerinin oldukg¢a yiiksek ve
kendilerini amorti edebilme siireleri ise olduk¢ca uzundur. Bu sebepten dolay1 son
zamanlarda mevcut panellerden en iyi sekilde yararlanmak ve en yiiksek verimi elde
edebilmek amaciyla yeni ¢alismalar yapilmaktadir.

Bununla beraber, fotovoltaik modiillerden elde edilen c¢ikig giicli hiicre iizerine
diisen 1s1mmimin siddeti, hiicre sicakligir ve benzeri durumlardan etkilenmektedir. Bu
nedenle, fotovoltaik sistemlerden elde edilen enerjinin maksimize edilebilmesi i¢in,
giines hiicrelerinin maksimum gii¢ verdigi noktanin takip edilmesi gerekmektedir.
Fotovoltaik panellerin maksimum verimle maksimum c¢ikig giicii saglayarak calistig
maksimum giic noktasi, giines 1sinlarinin panel yiizeyine yaptigir aciya, giinesten
yeryiiziine diigen 1s1n1m degerine, panelin ¢ikigina bagl olan yiike ve panel sicakligina
bagh olarak degismektedir. Dolayisiyla panel ¢ikisina baglanan herhangi bir yiikiin
yer aldig1 fotovoltaik sistemlerde ¢alisma noktast her zaman maksimum gii¢ noktasi
degildir.

Beslenen yiikiin talep ettigi giicii siirekli olarak saglayabilmek amaciyla fotovoltaik
sistemler gerektiginden daha fazla modiil icerecek sekilde tasarlanirlar. Bu durumda
sistem maliyeti olduk¢a yiikselir, ayrica 6nemli miktarda enerji kaybi yasanir. Bu
problemin ¢oziimii i¢in maksimum gii¢c noktasi izleyicisi (MGNI) olarak adlandirilan
anahtarlamal1 gii¢c konvertorii kullanilabilir. Boylece fotovoltaik panellerin maksimum
giic noktasinda siirekli ¢alismasi saglanarak optimum kullanimi miimkiin olacaktir.
MGNI fotovoltaik panelin gerilim ve akimini yiikten bagimsiz olarak kontrol
ederek bu islemi gerceklestirmektedir. Dogru tasarlanmis bir MGNI algoritmas1 ve
modelleme hesaplamalar1 ile maksimum gii¢ noktasinin yeri ve bu degerin izlenmesi
gerceklestirilebilir.

Bu tezin amaci farkli ortam kogsullarinda degistir ve izle yontemini kullanarak
fotovoltaik panelin maksimum gii¢ noktasimi takip etmektir. Bu hedefi basarmak
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icin bir dogru akim doniistiiriicii ve kontrolor kullanilmaktadir. Ceviricinin ¢alisma
oranin1 ayarlayan kontrolor gercekte panelin caligma gerilimini degistirir.  Bu
tezde kullanilan Atmega32 mikrokontrolorii pargacik siirli optimizasyonu yontemini
kullanarak periyodik olarak maksimum gii¢ noktasindaki gerilim deg8erini aramakta
ve bu arama periyodu farkli ortam kosullarina bagl olarak programlama ile kolayca
degistirilebilmektedir (bu tezde arama periyodu 10 saniye alinmigtir).

Sistemin caligmasi icin gerekli anahtarlama sinyalleri mikrokontrolor tarafindan
tiretilmektedir. Ayni sekilde, doniistiiriiciiniin girisindeki akim ve gerilim bilgileri
mikrokontrolor tarafindan okunarak sistemin giicii hesaplanmaktadir. Caligsmada,
cikis giicliniin siirekli olarak en yiiksek seviyede tutulmasi icin “maksimum gii¢
takibi” uygulamasi1 gelistirilmigtir. Bu uygulama ile giris gerilim seviyesindeki
artis ya da azalmaya baglh olarak, doniistiiriiciiniin anahtarlama sinyalinin, iletim ve
kesim oranlar1 degistirilmekte ve ¢ikis gerilimi hep maksimum giicii elde edecek
sekilde ayarlanmaktadir. Kontroloriin 1sinim ve yiik degisimlerine karsi nasil cevap
vereceginin de incelenmesi gerekmektedir ¢iinkii ortam kosullar1 1s1nim ve golgelenme
faktorleri tarafindan hizlica degisebilmektedir.

Bu tezin birinci kisminda panellerin maksimum gii¢c noktasini takip etmek igin
kullanilan farkli yontemler incelenmis ve her yontemin avantajlar1 ve dezavantajlari
tartistlmistir. Panel karakteristikleri, panelin matematiksel modeli ve esdeger devresi
ikinci boliimde incelenmistir.

Sistem konfigiirasyonunun tartisildig1 iiciincii boliimde, yiikseltici ceviricisi ¢calisma
prensibi ve devre elemanlarinin se¢imi ile devre parametrelerinin hesabi yapilmistir.
Ayrica maksimum gii¢ noktasim takip etmek ic¢in kullanilan parcacik siirli optimiza-
syon algoritmas1 aciklanarak, algoritmanin avantaji ve dezavantajlari belirtilmistir.
Bu algoritmanin matematiksel modellenmesi ve algoritmanin ¢alismasina etki eden
onemli parametreler tartisilmasgtir.

Simiilasyon calismalarinin yapildigi dordiincii béliimde mikrokontrol6r yazilimlarinin
da devre ile birlikte ¢alismasina imkan veren bir program olmasi nedeniyle Proteus
programi kullanilmistir. Bu benzetim calismasinda devrenin farkli senaryolardaki
durumu incelenmistir. Ik olarak sabit ortam kosullarinda sistemin caligmasi
mikrokontroloriin nasil maksimum giic noktasini elde edebilecegi amaciyla test
edilmistir. Daha sonra sistem belli bir yiik ile calisirken, yiik degisiminde sistem
calismasi incelenmistir. Yik degistigi zaman eger kontrolor yeni gerilim degerini
takip edemezse cikis giic degisecektir. Bir bagka deyisle, aym ¢ikis giiciinii takip
edebilmek i¢in, kontrolor calisma oranini degistirmektedir. Son senaryoda 1sinimin
degisme durumu incelenmistir. Bu durumda maksimum gii¢ degeri ve ¢alisma gerilimi
degismektedir. Benzer sekilde kontroloriin maksimum gii¢ noktasini takip etmesi i¢in
yeni bir ¢caligma orani degeri bulmasi gerekmektedir.

Sistem prototipinin gerceklendigi ve deneysel ¢calismalarinin yapildigi son boliimde,
devre elemanlar1 belirtilmis ve farkli ¢alisma senaryolarinda prototip devrenin nasil
cevap verdigi incelenmigstir. Bu asamada simiilasyon c¢aligmalarinda uygulanan
senaryolarin benzeri gercek calisma kosullarinda prototip devreye uygulanmis ve bu
iki sonu¢ arasinda karsilastirma yapilmistir. Bu metodun mikrokontrolor ile dnceden
belirlenmis degerlerin yer aldig: bir tabloya bakarak elde edilen degerlerini kullandig1
diger metoda gore avantaji, bu tezdeki yontemde kullanilan kontroldriin herhangi bir
panel ile veya herhangi bir calisma kosulunda istenilen performansi verebilmelidir.
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Sicaklik ve 1s1mmim gibi degerlerinin degismesi giic noktasinda bir degisiklige sebep
oldugunda, kontrolor otomatik olarak yeni giic degerini bulacaktir. Bu metod diisiik
maliyetli ve basit bir kontrol algoritmasi yapisina sahiptir. Bir gerilim ve bir akim
sensorii kullanimi kontrolordeki algoritma i¢in yeterlidir. Bu metodu bulanik kontrol
veya yapay sinir ag1r kullamim yoOntemlere gore kiyaslarsak, bu tezde kullanilan
algoritmanin daha basit oldugu belirtilebilir.
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1. INTRODUCTION

Tracking the maximum power point (MPP) of a photovoltaic (PV) array is usually an
essential part of a PV system. As such, many MPP tracking (MPPT) methods have
been developed and implemented. The methods vary in complexity, sensors required,
convergence speed, cost, range of effectiveness, implementation hardware, popularity,
and in other respects. They range from the almost obvious (but not necessarily
ineffective) to the most creative (not necessarily most effective). In fact, so many
methods have been developed that it has become difficult to adequately determine

which method, newly proposed or existing, is most appropriate for a given PV system.

1.1 Problem Overview

Figure 1.1 shows the characteristic power curve for a PV array. The problem
considered by MPPT techniques is to automatically find the voltage Vjspp or current
Iypp at which a PV array should operate to obtain the maximum power output Pypp
under a given temperature and irradiance. It is noted that under partial shading
conditions, in some cases it is possible to have multiple local maxima, but overall
there is still only one true MPP. Most techniques respond to changes in both irradiance
and temperature, but some are specifically more useful if temperature is approximately
constant. Most techniques would automatically respond to changes in the array due
to aging, though some are open-loop and would require periodic fine-tuning. In our
context, the array will typically be connected to a power converter that can vary the

current coming from the PV array [3].
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Figure 1.1: Characteristic PV array power curve.

1.2 Maximum Power Point Technique

The different MPPT techniques are discussed below in an arbitrary order.

1.2.1 Hill Climbing/Perturb and Observe

Among the papers, much focus has been on hill climbing, and perturb and observe
(P&O) methods. Hill climbing involves a perturbation in the duty ratio of the power
converter, and P&O a perturbation in the operating voltage of the PV array. In
the case of a PV array connected to a power converter, perturbing the duty ratio of
power converter perturbs the PV array current and consequently perturbs the PV array
voltage. Hill climbing and P&O methods are different ways to envision the same
fundamental method. From Figure 1.1, it can be seen that incrementing (decrementing)
the voltage increases (decreases) the power when operating on the left of the MPP and
decreases (increases) the power when on the right of the MPP. Therefore, if there is
an increase in power, the subsequent perturbation should be kept the same to reach
the MPP and if there is a decrease in power, the perturbation should be reversed. The
algorithm also works when instantaneous (instead of average) PV array voltage and
current are used, as long as sampling occurs only once in each switching cycle. The
process is repeated periodically until the MPP is reached. The system then oscillates

about the MPP. The oscillation can be minimized by reducing the perturbation step



size. However, a smaller perturbation size slows down the MPPT. A solution to this
conflicting situation is to have a variable perturbation size that gets smaller towards the
MPP. Fuzzy logic control is used to optimize the magnitude of the next perturbation. In
a method, a two-stage algorithm is proposed that offers faster tracking in the first stage
and finer tracking in the second stage. On the other hand, another method by passes
the first stage by using a nonlinear equation to estimate an initial operating point close
to the MPP.

Hill climbing and P&O methods can fail under rapidly changing atmospheric
conditions as illustrated in Figure 1.2. Starting from an operating point A, if
atmospheric conditions stay approximately constant, a perturbation AVin the PV
voltage V will bring the operating point to B and the perturbation will be reversed
due to a decrease in power. However, if the irradiance increases and shifts the power
curve from P1 to P2 within one sampling period, the operating point will move from
A to C. This represents an increase in power and the perturbation is kept the same.
Consequently, the operating point diverges from the MPP and will keep diverging
if the irradiance steadily increases. To ensure that the MPP is tracked even under
sudden changes in irradiance, uses a three-point weight comparison P&O method that
compares the actual power point to two preceding ones before a decision is made about
the perturbation sign. Two sensors are usually required to measure the PV array voltage
and current from which power is computed, but depending on the power converter
topology, only a voltage sensor might be needed. In some methods, the PV array
current from the PV array voltage is estimated, eliminating the need for a current
sensor. DSP or microcomputer control is more suitable for hill climbing and P&O even
though discrete analog and digital circuitry can be used. P&O is more suitable for PV
grid-connected converter system. Hill climbing MPPT strategy is more suitable for

battery charger with which the fast dynamic response requirement is not necessary [4].
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Figure 1.2: Divergence of hill climbing/P&O from MPP.

1.2.2 Incremental Conductance

The incremental conductance (IncCond), method is based on the fact that the slope of
the PV array power curve (Figure 1.2) is zero at the MPP, positive on the left of the

MPP, and negative on the right, as given by

dP/dV=0; at MPP.
dP/dV>0; left of MPP. (1.1)
dP/dV< 0; right of MPP.

since

dP  d(IV) dl Al
iy iy 1.2
av dav +VdV + AV (1.2)

Equation 1.1 can be rewritten as

AI/AV = —1/V; at MPP.
AI/AV > —1/V; left of MPP. (1.3)
AI/AV < —I/V; right of MPP.

The MPP can thus be tracked by comparing the instantaneous conductance (I//V) to
the incremental conductance(AI/AV) as shown in the flowchart in Figure 1.3. Vs is
the reference voltage at which the PV array is forced to operate. At the MPP, V,.r
equals to Vjpp. Once the MPP is reached, the operation of the PV array is maintained
at this point unless a change in Al is noted, indicating a change in atmospheric

conditions and the MPP. The algorithm decrements or increments V., ¢ to track the new
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Figure 1.3: Incremental Conductance algorithm.

MPP [5]. The increment size determines how fast the MPP is tracked. Fast tracking
can be achieved with bigger increments but the system might not operate exactly at
the MPP and oscillate about it instead; so there is a tradeoff. In a some methods,
method is proposed that brings the operating point of the PV array close to the MPP
in a first stage and then uses IncCond to exactly track the MPP in a second stage. By
proper control of the power converter, the initial operating point is set to match a load
resistance proportional to the ratio of the open-circuit voltage (Voc) to the short-circuit
current (Is¢) of the PV array. This two stage alternative also ensures that the real MPP
is tracked in case of multiple local maxima.

In another method a linear function is used to divide the -V plane into two areas,



one containing all the possible MPPs under changing atmospheric conditions. The
operating point is brought into this area and then IncCond is used to reach the MPP.
A less obvious, but effective way of performing the IncCond technique is to use the

instantaneous conductance and the incremental conductance to generate an error signal

e= é + j_‘l/ 1.4)
From Equation 1.1, we know that e goes to zero at the MPP. A simple proportional
integral (PI) control can then be used to drive e to zero. Measurements of the
instantaneous PV array voltage and current require two sensors. IncCond method lends

itself well to DSP and microcontroller control, which can easily keep track of previous

values of voltage and current and make all the decisions as per Figure 1.3 [6].

1.2.3 Fractional Open-Circuit Voltage

The near linear relationship between Vypp and Vpc of the PV array, under varying

irradiance and temperature levels, has given rise to the fractional Vpc method
Vmpp = kiVoc (1.5)

where kj is a constant of proportionality. Since k; is dependent on the characteristics
of the PV array being used, it usually has to be computed beforehand by empirically
determining Vypp and Vpc for the specific PV array at different irradiance and
temperature levels. The factor k; has been reported to be between 0.71 and 0.78.
Once k; is known, Vypp can be computed using Equation 1.5 with V- measured
periodically by momentarily shutting down the power converter. However, this incurs
some disadvantages, including temporary loss of power. To prevent this, a method uses
pilot cells from which V¢ can be obtained. These pilot cells must be carefully chosen
to closely represent the characteristics of the PV array [3]. the voltage generated
by pn-junction diodes is approximately 757 of V¢ [7]. This eliminates the need for
measuring Vpc and computing Vispp. Once Vi pp has been approximated, a closed-loop
control on the array power converter can be used to asymptotically reach this desired
voltage.

Since Equation 1.5 is only an approximation, the PV array technically never operates
at the MPP. Depending on the application of the PV system, this can sometimes be

adequate. Even if fractional V¢ is not a true MPPT technique, it is very easy and
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cheap to implement as it does not necessarily require DSP or microcontroller control.
However, kj is no more valid in the presence of partial shading (which causes multiple
local maxima) of the PV array and proposes sweeping the PV array voltage to update
ki. This obviously adds to the implementation complexity and incurs more power

loss [8].

1.2.4 Fractional Short-Circuit Current

Fractional Igc results from the fact that, under varying atmospheric conditions, Iyspp is

approximately linearly related to the Igc of the PV array
Ivpp = kolsc (1.6)

where k> is a proportionality constant. Just like in the fractional V¢ technique, k> has
to be determined according to the PV array in use. The constant k; is generally found
to be between 0.78 and 0.92.

Measuring Isc during operation is problematic. An additional switch usually has to
be added to the power converter to periodically short the PV array so that Igc can be
measured using a current sensor. This increases the number of components and cost.
Power output is not only reduced when finding Igc but also because the MPP is never
perfectly matched. One way of compensating k» is proposed such that the MPP is
better tracked while atmospheric conditions change. To guarantee proper MPPT in the
presence of multiple local maxima, in some method periodically sweeps the PV array
voltage from open-circuit to short-circuit to update k. Most of the PV systems using
fractional Igc in the literature use a DSP. In a method, a simple current feedback control

loop is used instead [9].

1.2.5 Fuzzy Logic Control

Microcontrollers have made using fuzzy logic control popular for MPPT over the
last decade. Fuzzy logic controllers have the advantages of working with imprecise
inputs, not needing an accurate mathematical model, and handling nonlinearity. Fuzzy
logic control generally consists of three stages: fuzzification, rule base table lookup,
and defuzzification. During fuzzification, numerical input variables are converted into
linguistic variables based on a membership function .

The inputs to a MPPT fuzzy logic controller are usually an error £ and a change in
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error AE. The user has the flexibility of choosing how to compute E and AE. Since

dP/dV vanishes at the MPP, by use the approximation

0= v a
and
AE(n) =E(n)—E(n—1) 1.8

Equivalently, Equation 1.4 is very often used. Once E and AE are calculated and
converted to the linguistic variables, the fuzzy logic controller output, which is
typically a change in duty ratio AD of the power converter, can be looked up in a
rule base table.

The linguistic variables assigned to AD for the different combinations of £ and AE are
based on the power converter being used and also on the knowledge of the user.

In the defuzzification stage, the fuzzy logic controller output is converted from a
linguistic variable to a numerical variable still using a membership function. This
provides an analog signal that will control the power converter to the MPP. MPPT
fuzzy logic controllers have been shown to perform well under varying atmospheric
conditions. However, their effectiveness depends a lot on the knowledge of the user or
control engineer in choosing the right error computation and coming up with the rule

base table [10].

1.2.6 Neural Network

Along with fuzzy logic controllers came another technique of implementing
MPPT—neural networks, which are also well adapted for microcontrollers. Neural
networks commonly have three layers: input, hidden, and output layers as shown in
Figure 1.4. The number of nodes in each layer vary and are user-dependent. The
input variables can be PV array parameters like Vpc and Igc, atmospheric data like
irradiance and temperature, or any combination of these. The output is usually one or
several reference signal(s) like a duty cycle signal used to drive the power converter to
operate at or close to the MPP.

How close the operating point gets to the MPP depends on the algorithms used by the
hidden layer and how well the neural network has been trained. The links between the
nodes are all weighted. The link between nodes i and j is labeled as having a weight

of w;; in Figure 1.4. To accurately identify the MPP, the w;; have to be carefully
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Figure 1.4: Example of neural network.

determined through a training process, whereby the PV array is tested over months
or years and the patterns between the input(s) and output(s) of the neural network are
recorded.

Since most PV arrays have different characteristics, a neural network has to be
specifically trained for the PV array with which it will be used. The characteristics of a
PV array also change with time, implying that the neural network has to be periodically

trained to guarantee accurate MPPT [11].

1.2.7 Ripple Correlation Control

When a PV array is connected to a power converter, the switching action of the power
converter imposes voltage and current ripple on the PV array. As a consequence, the
PV array power is also subject to ripple. Ripple correlation control (RCC) makes use
of ripple to perform MPPT. RCC correlates the time derivative of the time-varying PV
array power p with the time derivative of the time-varying PV array current i or voltage
v to drive the power gradient to zero, thus reaching the MPP.

Referring to Figure 1.1, if v or i is increasing (v> 0 or i > 0) and p is increasing ( v > 0),
then the operating point is below the MPP (V <Vy;pp or I < Ijypp). On the other hand,
if v or i 1s increasing and p is decreasing (p < 0), then the operating point is above the

MPP (V >Vypp or I > Ijypp). Combining these observations, we see that pv or pi are
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positive to the left of the MPP, negative to right of the MPP, and zero at the MPP.
When the power converter is a boost converter increasing the duty ratio increases the
inductor current, which is the same as the PV array current, but decreases the PV array

voltage. Therefore, the duty ratio control input is

d(t) = —ks / v di (1.9)
or

d(t) = —k3/pi dt (1.10)
where k3 is a positive constant. Controlling the duty ratio in this fashion assures that
the MPP will be continuously tracked, making RCC a true MPP tracker.
The derivatives in Equation 1.9 and Equation 1.10 are usually undesirable, but
ac-coupled measurements of the PV array current and voltage can be used instead
since they contain the necessary phase information.
The derivatives can also be approximated by high-pass filters with cut-off frequency
higher than the ripple frequency. A different and easy way of obtaining the current
derivative in Equation 1.10 is to sense the inductor voltage, which is proportional to
the current derivative. The nonidealities in the inductor (core loss, resistance) have a
small effect since the time constant of the inductor is much larger than the switching
period in a practical converter.
Equation 1.10 can fail due to the phase shift brought about by the intrinsic capacitance
of the PV array at high switching frequency. However, correlating power and voltage
as in Equation 1.9 is barely affected by the intrinsic capacitance.
Simple and inexpensive analog circuits can be used to implement RCC. Experiments
were performed to show that RCC accurately and quickly tracks the MPP, even under
varying irradiance levels. The time taken to converge to the MPP is limited by the
switching frequency of the power converter and the gain of the RCC circuit. Another
advantage of RCC is that it does not require any prior information about the PV array

characteristics, making its adaptation to different PV systems straightforward [12].

1.2.8 Current Sweep

The current sweep method uses a sweep waveform for the PV array current such that
the -V characteristic of the PV array is obtained and updated at fixed time intervals.

The Vjspp can then be computed from the characteristic curve at the same intervals.
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The function chosen for the sweep waveform is directly proportional to its derivative

as in
df(t)
t)=k 1.11
f) =ki= (1.11)
where k4 1s a proportionality constant. The PV array power is thus given by
p(t) = v()i(t) = v(1) f(1). (1.12)
at the MPP
dp(t) df(1) dv(t)
= —_— —=0. 1.1
o VO = =0 (1.13)
Substituting Equation 1.11 in Equation 1.13 gives
dp(1) dv(t) | df (1)
= k =0. 1.14
Tt {V(l )+ kg o | ar (1.14)
The differential equation in 1.11 has the following solution
f(1) =C el (1.15)

C is chosen to be equal to the maximum PV array current ., and k4 to be negative,
resulting in a decreasing exponential function with time constant T = k4. Equation 1.15
leads to

F(t) = Lay €171/, (1.16)

The current in Equation 1.16 can be easily obtained by using some current discharging
through a capacitor. Since the derivative of Equation 1.16 is nonzero, Equation 1.14
can be divided throughout by df (¢)/dt and, with f(¢) = i(z), Equationl.14simplifies

to
dv(t)
dt

dp(1) _
T(t) = V(t) +k4

Once Vypp is computed after the current sweep, Equation 1.17 can be used to double

=0 (1.17)

check whether the MPP has been reached. The current sweep method is implemented
through analog computation. The current sweep takes about 50 ms, implying some loss
of available power. This MPPT technique is only feasible if the power consumption of
the tracking unit is lower than the increase in power that it can bring to the entire PV

system [13].
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Figure 1.5: Topology for dc-link capacitor droop control.

1.2.9 DC-Link Capacitor Droop Control

DC-link capacitor droop control is an MPPT technique that is specifically designed to
work with a PV system that is connected in parallel with an ac system line as shown in
Figure 1.5.

The duty ratio of an ideal boost converter is given by

%

d=1-—
Viink

(1.18)

where V is the voltage across the PV array and Vj;;,;, is the voltage across the dc link. If
Viink 18 kept constant, increasing the current going in the inverter increases the power
coming out of the boost converter and consequently increases the power coming out
of the PV array. While the current is increasing, the voltage Vj;,;x can be kept constant
as long as the power required by the inverter does not exceed the maximum power
available from the PV array. If that is not the case, V;,; starts drooping. Right before
that point, the current control command /.4 of the inverter is at its maximum and
the PV array operates at the MPP. The ac system line current is fed back to prevent
Viink from drooping and d is optimized to bring /.4 to its maximum, thus achieving
MPPT. DC-link capacitor droop control does not require the computation of the PV
array power, but, its response deteriorates when compared to a method that detects the

power directly; this is because its response directly depends on the response of the
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dc-voltage control loop of the inverter. This control scheme can be easily implemented

with analog operational amplifiers and decision-making logic units [14].

1.2.10 Load Current or Load Voltage Maximization

The purpose of MPPT techniques is to maximize the power coming out of a PV array.
When the PV array is connected to a power converter, maximizing the PV array power
also maximizes the output power at the load of the converter. Conversely, maximizing
the output power of the converter should maximize the PV array power, assuming a
lossless converter.

It is pointed out that most loads can be of voltage-source type, current-source type,
resistive type, or a combination of these, it is clear that for a voltage-source type load,
the load current i,,, should be maximized to reach the maximum output power. For a
current-source type load, the load voltage v,,; should be maximized.

For the other load types, either i,,; or v,,; can be used. This is also true for nonlinear
load types as long as they do not exhibit negative impedance characteristics. Therefore,
for almost all loads of interest, it is adequate to maximize either the load current or the
load voltage to maximize the load power. Consequently, only one sensor is needed. In
most PV systems, a battery is used as the main load or as a backup. Since a battery can
be thought of as a voltage-source type load, the load current can be used as the control
variable. In this methods positive feedback is used to control the power converter
such that the load current is maximized and the PV array operates close to the MPP.
Operation exactly at the MPP is almost never achieved because this MPPT method is

based on the assumption that the power converter is lossless [15].

1.2.11 dP/dV or dP/dI Feedback Control

With DSP and microcontroller being able to handle complex computations, an obvious
way of performing MPPT is to compute the slope (dP/dV ordP/dlI) of the PV power
curve (Figure 1.1) and feed it back to the power converter with some control to drive it
to zero.

The way the slope is computed differs from paper to paper. In a method, dP/dV
is computed and its sign is stored for the past fewcycles. Based on these signs, the

duty ratio of the power converter is either incremented or decremented to reach the
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MPP. A dynamic step size is used to improve the transient response of the system [16].
In [17] the PV array voltage is periodically incremented or decremented and AP/AV

is compared to a marginal error until the MPP is reached.

1.2.12 Other MPPT Techniques

Other MPPT techniques include array reconfiguration, whereby PV arrays are arranged
in different series and parallel combinations such that the resulting MPPs meet specific
load requirements. This method is time consuming and tracking MPP in real time is
not obvious [18].

In a different method linear current control is used based on the fact that a linear
relationship exists between Iy/pp and the level of irradiance. The current Iy;pp is thus
found by sensing the irradiance level and a PI controller is used such that the PV array
current follows Iyzpp [19].

In another technique, Iypp and Vypp are computed from equations involving
temperature and irradiance levels, which are not usually easy to measure. Once Iyspp
or Vypp 1s obtained, feedback control is used to force the PV array to operate at the
MPP [20].

In state-based MPPT method system is represented by a state space model, and a
nonlinear time varying dynamic feedback controller is used to track the MPP [21].
Simulations confirm that this technique is robust and insensitive to changes in system
parameters and that MPPT is achieved even with changing atmospheric conditions
and in the presence of multiple local maxima caused by partially shaded PV array or
damaged cells.

Unlike common topologies that consist of two power stages (usually a dc—dc converter
followed by an inverter), a single stage is inverter that performs both MPPT and output
current regulation for utility grid distribution. Based on the voltage of the PV array,
one-cycle control (OCC) is used to adjust the output current of the single-stage inverter
such that MPPT is attained. The control circuit consists of discrete digital components
but it can also use an inexpensive DSP. Operation is shown to be close to the MPP
throughout a daytime period. The slight discrepancy is due to the inability of the
controller to account for temperature variation.

In best fixed voltage (BFV) algorithm statistical data is collected about irradiance and
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temperature levels over a period of one year and the BFV representative of the MPP
is found. The control sets either the operating point of the PV array to the BFV or the
output voltage to the nominal load voltage. Operation is therefore never exactly at the
MPP and different data has to be collected for different geographical regions [22].
The PV array characteristic equation, which needs to be solved iteratively for the
MPP, is manipulated to find an approximate symbolic solution for the MPP in another
method. This method, called linear reoriented coordinates method (LRCM), requires
the measurement of V¢ and Igc to find the solution. Other constants representing the
PV array characteristic curve are also needed. The maximum error in using LRCM to
approximate the MPP was found to be 0.3 7, but this was based only on simulation
results [23].

Slide control method with a buck-boost converter is used to achieve MPPT [24]. The
switching function u of the converter is based on the fact that dP/dV > 0 on the left of
the MPP and dP/dV < 0 on the right; u is expressed as

u=0; S>0
{ u=1; S< 0 (1.19)
where u = 0 means the switch is open and u = 1 the switch close and S is given by
dP dl
S=—=I1+V— 1.20
dv * dv (1.20)

This control was implemented using a microcontroller that senses the PV array voltage

and current.

1.3 Discussion

With so many MPPT techniques available to PVsystem users, it might not be obvious
for the latter to choose which one better suits their application needs. The main aspects
of the MPPT techniques to be taken into consideration are highlighted in the following

subsections.

1.3.1 Implementation

The ease of implementation is an important factor in deciding which MPPT technique
to use. However, this greatly depends on the end-users’knowledge. Some might be
more familiar with analog circuitry, in which case, fractional Is¢ or V¢, RCC, and load

current or voltage maximization are good options. Others might be willing to work
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with digital circuitry, even if that may require the use of software and programming.
Then, their selection should include hill climbing/P&O, IncCond, fuzzy logic control,
neural network, and dP/dV or dP/dI feedback control. Furthermore, a few of the
MPPT techniques only apply to specific topologies. For example, the dc-link capacitor
droop control works with the system shown in Figure 1.5 and the OCC MPPT works

with a single-stage inverter.

1.3.2 Sensors

The number of sensors required to implement MPPT also affects the decision process.
Most of the time, it is easier and more reliable to measure voltage than current.
Moreover, current sensors are usually expensive and bulky. This might be inconvenient
in systems that consist of several PV arrays with separate MPP trackers. In such
cases, it might be wise to use MPPT methods that require only one sensor or that
can estimate the current from the voltage. It is also uncommon to find sensors that
measure irradiance levels, as needed in the linear current control and the Iypp and

Vympp computation methods.

1.3.3 Multiple Local Maxima

The occurrence of multiple local maxima due to partial shading of the PV array(s)
can be a real hindrance to the proper functioning of an MPP tracker. Considerable
power loss can be incurred if a local maximum is tracked instead of the real MPP.
As mentioned previously, the current sweep and the state based methods should track
the true MPP even in the presence of multiple local maxima. However, the other
methods require an additional initial stage to bypass the unwanted local maxima and

bring operation to close the real MPP.

1.3.4 Cost

It is hard to mention the monetary costs of every single MPPT technique unless
it is built and implemented. However, a good costs comparison can be made by
knowing whether the technique is analog or digital, whether it requires software and

programming, and the number of sensors. Analog implementation is generally cheaper
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than digital, which normally involves a microcontroller that needs to be programmed.

Eliminating current sensors considerably drops the costs.

1.3.5 Application

Different MPPT techniques discussed earlier will suit different applications. For
example, in space satellites and orbital stations that involve large amount of money,
the costs and complexity of the MPP tracker are not as important as its performance
and reliability. The tracker should be able to continuously track the true MPP in
minimum amount of time and should not require periodic tuning. In this case, hill
climbing/P&O, IncCond, and RCC are appropriate. Solar vehicles would mostly
require fast convergence to the MPP. Fuzzy logic control, neural network, and RCC
are good options in this case. Since the load in solar vehicles consists mainly of
batteries, load current or voltage maximization should also be considered. The goal
when using PV arrays in residential areas is to minimize the payback time and to
do so, it is essential to constantly and quickly track the MPP. Since partial shading
(from trees and other buildings) can be an issue, the MPPT should be capable of
bypassing multiple local maxima. Therefore, the two-stage IncCond and the current
sweep methods are suitable. Since a residential system might also include an inverter,
the OCC MPPT can also be used. PV systems used for street lighting only consist in
charging up batteries during the day. They do not necessarily need tight constraints;
easy and cheap implementation might be more important, making fractional Vy¢ or
Isc viable. For all other applications not mentioned here, Table 1.1, containing the
major characteristics of all the MPPT techniques. Table 1.1 should help in choosing

an appropriate MPPT method.

17



JuaLIN))‘a3vI[0A WNIPIN s8] ON ensig Sox ON [onuo)) apIS
JUALIND “9TeI[OA y3IH VIN ON isilel ON SO INDY'T
QUON | E/N B ylog ON SOA Add

juaLmy WnIpaN Iseq S ylog ON SOA LddIN DDO

JUSIIN)‘98.IOA ySig s8] Sox ylog Sax Sox LddIN paseq-a1e1s
armjeradwo)‘aourIpRLI] WNIPIN V/N SO reusiq SO ON uonendwod ddMA 29 ddiy
QouRIpRL] WINIPIJA IS8 SOK rensiq ON SOx [0NU0D) JUALIND) JBAUI]

JuaLIN))‘93.I0A Y31y MO[S SOx rensiq ON SO uonem3yuoody Aeiry
JUALIND“93eI[OA WNIPIN Ised ON isilel S ON [onuoy 3deqpesd 1p/dp 10 AP/dP
juaLIN))‘a3eI0A els | s8] ON Soreuy ON ON UONRZIWIXBIA A 1O [ peO]

=K1 A) (N Nels | WNIPSN ON yog ON ON [onuo) dooi( 103oede) YyurT-Oq
JuUaLIN)‘93.IOA Y31y MO[S SOx ensiq Sax SOx doamg Juarm)
JUALIN)‘98RIOA MO s8] ON Soreuy Sax ON 90}

SOLIBA y3Sig s8] Sox rensiq Sax SOx JI0MION [BINSN

SQLIBA Y3y Iseq SOx rensig SO SO [onuo)) 91307 Azzng

JuLIN)) WNIPIN WNIPIA SOX pog ON SOX 25T [euonoeIq

a3eyjoA ey | WNIPIA SOX poyg ON SOX 294 Teuondel]
JUaIIN))‘a8.I[0A WNIPA] SOLIBA ON eusiq SOK ON Q0UBIONPUO)) [BIUSWIOU]
JUALIND“93I[OA Mo SOLIBA ON ylog S ON O®d/3uiquiIp [['H

CREIELICALE Lixapdwo) paads Jouruny, | M3 | (LAAIN | Jdudpuada(q
pasuasg uonejmuwR[du] | 3dUdIIAU0)) | JIPOLId] | J0 Jo[euy anuay, Leaay Ad anbruyddy, LddIN

‘swyILo3e LN snouea jo uostedwo)) (°T dqeL

18



1.4 Contribution of Thesis

This thesis proposes a reliable MPPT scheme based on PSO algorithm. The PSO
algorithm tracks the optimal power point by searching the PV array voltage at
maximum power point (VMPP). Once the VMPP is identified, the actual PV array
voltage is controlled to such optimal value computed by the PSO algorithm. The PV
module is forced to operate at such optimal operating point with the aid of a power
conditioner (dc boost) driven by On/Off voltage controller with microcontroller.

In this algorithm which is base on PO method we just need a current sensor and
microcontroller (In this thesis AVR ATmega32 is used) and boost converter. One of
the important specification of PSO algorithm is tracking global maximum point even
in presence of multiple local maximums.

Versus of other method which use microcontroller like look table-up method, this
method does not need any information about panel and environment condition i.e, we
can use this controller for any panel in any condition also changing of temperature
and irradiation does not affect operation.

This method does not need any control loop so it is low cost, which does process
with AVR microcontroller and current sensor. By comparing this algorithm with other
intelligent systems like fuzzy controller or neural network system this algorithm is

more simple.
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2. MODELING OF PHOTOVOLTAIC CELL

2.1 Introduction

There are numerous studies that develop the mathematical modeling of photovoltaic
cells and verified by software, like the methods in [25], [26]. The model presented is
based on an equivalent circuit implemented in software. Software uses a generic diode
for adjust the current and voltage curve (IV curve) at photovoltaic cell.

The model of PV cell can be used to simulate a PV module, because PV module is
an association of cells in series and parallel. The model PV module can use to study
mismatch effects due to different electrical characteristics of PV cells and the use of

pass diode to reduce loss due to partial shadows.

2.2 Equivalent circuit of photovoltaic cell

The equivalent circuit of an ideal cell is formed by a current source in parallel with a
diode. There are several circuits that include resistors for real effects of a photovoltaic
cell, the circuit of Figure 2.1 is the more commonly used. Although several simulations
simplifies the parallel resistance value with a high value, using the series resistance
to include effect of fill factor, gets a similar circuit and used R, to avoid problem
with simulation. Then this circuit has a simple and accurate model to simulate a
photovoltaic cell.

The problem is the parameter values of circuit components, in this Section parameters
are calculated by using data from the photovoltaic cell indicated in datasheets, for

equivalent circuit on Figure 2.1 .

2.3 Current-Voltage (IV) Curve

For calculate equivalent circuit parameters, it is essential to obtain the IV curve. In the
IV curve Figure 2.2, it can extract the electrical characteristics of the photovoltaic cell

in standard test conditions (STC).
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Figure 2.1: Equivalent circuit of photovoltaic cell.

Isc (short circuit current) is maximum intensity that can generate a photovoltaic cell or
module when measuring the current if performing a short circuit (output voltage of 0
volts). Voc (open circuit voltage) is maximum voltage that can generate a photovoltaic
cell or module when measuring the voltage if not flowing current (current of 0 amps).
Pyax (Maximum power) is maximum power that can generate a photovoltaic cell
or module and it is the product of maximum voltage and current. Vys4x (Maximum
Voltage) is the voltage at maximum power (around 80/ of open circuit voltage) and
Iyax (Maximum Current) is the current at maximum power. By consider equivalent
circuit Figure 2.1, value of Is¢ related with I and value of V¢ related with diode
current (I;), then diode includes effects of exponential of IV curve. Finally R, adjusts
value of Pyax. All parameter information is extract to datasheets, and STC are: 25°C

for cell temperature (T¢), 1000 W/ m? for irradiance (G) and 3m/s for wind speed.

2.4 Modeling equations of photovoltaic cell

Reference to the circuit of Figure 2.1, then show all equations needed to obtain all
the parameters that define the model in STC. In Equation 2.1 shows the intensity
value generated by the photovoltaic cell [27]. [ is output current of photovoltaic
cell, V is output voltage of photovoltaic cell, I; is the photogenerated current,
Iy is the saturation current of diode, Rg is series resistance due to the junction
between the semiconductor and the metal contacts (interconnects), Rp is parallel
resistance due to no linearity of union PN, m is ideal factor of diode and V; is
thermal voltage shown in Equation 2.2 (where: k is Boltzmann constant and equal to

1.3807 x 10723 joule per kelvin, g is electron charge equal to 1.602 x 10'® coulomb
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Figure 2.2: IV Curve of photovoltaic module.

and T is temperature in degree Kelvin).

(V+I~Rs>

— V4+I-R

I=1I —Iy|e\ ™Vi ) 1 —[Q} (2.1)
R,

k-T
Vi=— (2.2)
q
Equation 2.1 can simplify the last term with a high value of Rp (for example 100k Q).
Furthermore, I, is considered equal to the short circuit current in STC (Isc src) [25].

Then we obtain the Equation 2.3 at STC.

V+I'Rs>
—1

m-V;

I = Isc stc — 1y stc e( (2.3)

The value of [y is obtained for STC (Ip src) using Equation 2.4, based on [26],

considering open voltage circuit in STC (Voc st¢) and cell temperature in STC

(Tc_stc)-
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Isc stc
q-Voc stc )
m-k-Tc stc) 1

2.4)

Iy sTc =
I

There is an empirical relationship between the value of Vpc src and Isc src with Rg
[27]. Then, needs calculate fill factor of ideal device (FFp) at Equation 2.5, using
parameter v, of Equation 2.6, and calculate Rg using Equation 2.8. The fill factor (FF)
of photovoltaic cell shows at Equation 2.7. This approach only use when Rp value is
high, therefore fill factor depends of Rg value.

Voc — In(voe +0.72)

FFy= 2.5

0 - (2.5)
Voc stc

o= ! (2.6)

FF — Vmax stc - Imax _stc 2.7

Isc stc-Voc stc

FF
R, — (1 _ ) ‘ (VOC_STC) 2.8)
FFy Isc stc

Changes in temperature affect the values of Isc, V, and Py4x, when cell temperature
increase the V¢ decrease, same with the Pyax, & and B establishing the relationship
between units (voltage, current and power) and temperature.

Also when irradiation increase the Igc also increase. Also changes in irradiance (G),
affect the value of Igc and V. Therefore, using approximation of Luque-Sala and
Duffie&Beckman, we obtain the Equation 2.9 for I} [28]. Besides empirical tests
simulation to study the effects of temperature on [y, used for get Equation 2.10, based

on the approximation Duffie&Beckman.

Iy =Isc sTc- (I+oa-(Tc —Tc src)) 2.9

Gsrc

Isc stc- TGTC (I+o-(Tc —Tc src))

( (Voc_stc+B - (Tc — TSC_STC)))
"
e m-k-Tc_src 1

Ip=

(2.10)
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The relationship between temperature ambient (74) and cell (T¢), can used Equations
2.11 and 2.12, [29]. It is based on normal operating temperature cell (Tyoc), is defined
as the average temperature of equilibrium within a photovoltaic cell to an irradiance
of 800W /m? and an outside temperature of 20°C. Use of this approximation is
interesting because there are statistics of temperature ambient on geographic situation

but temperature cell depends to PV cell and module.

Tc—Ty=C-G=Tc=C-G+T4 (2.11)
Tnoc —20

=— 2.12

800w/ m? 2.12)

Representation of circuit and result of A-300 SOLAR CELL of Sunpower® in Proteus
are on same page in Figure 2.3. Proteus DC-Sweep is used to plot panel voltage and
current for varying resistance R19 (Figure 2.3.a).

In Figure 2.3 used following Equations: Equation 2.1 for parameters of photovoltaic
cell, Equation 2.2 for change temperature ambient to cell temperature, Equation 2.3
for parameters adjust to equivalent circuit and equation 2.4 to calculate variables to
represented results on graphical depends to output measurement of equivalent circuit.
The value of current source is calculate on variable [, (current generate) on

Equation 2.3 based on Equation 2.9, the value of current saturation on diode is calculate
on variable Iy on Equation2.3 based on Equation 2.10, the value of resistor series and

parallel its calculate manually and indicate on Equation 2.3.
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By changing irradiation level, regarding to Equation 2.2, the current generated by PV
cell will change.
Figure 2.3 represents panel IV characteristic for varying irradiation level (1000 W /m?,

800 W/ m? and 600 W / m?) for the same value of cell temperature (25°C).

1000 w/m’®

800 w/m?

Current(I)
w
T

0 1 2 3 4 5 6
Voltage(V)

Figure 2.4: IV Curve for different values of irradiation.
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3. CONFIGURATION OF SYSTEM

3.1 Introduction

Figure 3.1 illustrates a real-time implementation of a PV system using a
microcontroller. This system consists of a PV panels connected in series, a boost
converter to control the load voltage, a Atmega32 controller to implement the proposed

MPPT algorithm,current sensor and a stand-alone resistive load.

Ipv
PV array >
A
]
N L
DC-DC o
\_[P\' Boost coverter a
d
]

PWM

Controller

Figure 3.1: Configuration of a PV power control system.

In this configuration microcontroller by changing converter duty cycle optimizes

output power of PV array.

3.2 Boost converter

The calculation are done by consider that converter operate at continues conduction
mode.

The discontinues conduction mode arise when the switching ripple in an inductor
current or capacitor voltage is large enough to cause the polarity of applied switch
current or voltage to reverse, such that the current or voltage-unidirectional assumption

made in realizing the switch with semiconductor devices are violated.
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Before to start analysis of boost converter, understanding small ripple approximation

1s essential.

3.2.1 Small ripple approximation

It is impossible to build a perfect low-pass filter that allows the dc component to pass
but completely removes the component at the switching frequency and its harmonics.
So the low-pass filter must allow at least some small amount of the high-frequency
harmonics generated by the switch to reach the output. Hence, in practice the output

voltage waveform v(t) appears as illustrated in Figure 3.2, and can be expressed as

V(I) =V+ Vripple (t) 3.1

so the actual output voltage v(¢) consist of the desired dc component V, plus small
undesired ac component Vv,;,.(t) arising from the incomplete attenuation of the
switching harmonics by the low-pass filter. The magnitude of v, (f) has been
exaggerated in Figure 3.2. The output voltage switching ripple should be small in
any well-designed converter, since the object is to produce a dc output.

It is nearly always a good approximation to assume that magnitude of the switching

ripple is much smaller than the dc component:

[Vripptell <V (3.2)
v(t) a actual waveform
Vel CENARING
\%
Dc component V
0 >

Figure 3.2: Output voltage waveform v(¢), consisting of dc component V and
switching ripple v; . (t) [1].

Therefore, the output voltage v(¢) is well approximated by its dc component V, with

the small ripple term v, (¢) neglected:
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v(t) =V (3.3)

This approximation, known as the small-ripple approximation, or the linear-ripple

approximation, greatly simplifies the analysis of the converter waveforms [1].

3.2.2 Boost converter analysis

Boost converter is to connect a PV panel with a load in order to adjust the operating
voltage and current of the PV panel at optimal values. A simplified diagram of a boost
converter is illustrated in Figure 3.3.

A practical realizatioin of the switch, using a MOSFET and diode. Let us apply the

small-ripple approximation and the principles of inductor current for this converter.

L 2
—/580 o
O 0= N o] '
1

ng) C== RSV

Figure 3.3: Boost converter with ideal switch [1].

With the switch in position 1, the right-hand side of inductor is connected to the ground,
resulting in the network of Figure 3.4. The inductor voltage and capacitor current for

this subinterval are given by

_v
{ T (3.4)

Ic

x| <

use of the linear ripple approximation, v ~ V leads to

{ VLIVg
v 3.5)

with the switch on position 2, the inductor is connected to the output, leading to the

circuit of Figure 3.5. The inductor voltage and capacitor current are then
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IL(t) + VL(t) - IC(t) *

Figure 3.4: Boost converter circuit while switch in position 1 [1].

=V, —

iC:iL—E
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_—P—rUUU\ T
IL(t) + VL(t) - iC(t)

vg(j) Cz== RSV

Figure 3.5: Boost converter circuit while switch in position 2 [1].

Use of the small-ripple approximation , v =~V and i, = I, leads to

{ vy = Vg -V
L 3.7

Equation (3.5)and (3.7) are used to sketch the inductor voltage and capacitor current

waveform of Figure 3.6.

It can be inferred from the inductor voltage waveform of Figure 3.6 that the dc output
voltage V is greater than the input voltage V,. During the first subinterval, vy () is
equal to the dc input voltage V,, over one switching period must be zero, negative
volt-seconds must be applied during the second subinterval. Therefore, the inductor
voltage during the the second subinterval, (V, —V, must be negative. Hence V is grater

than V. The total volt-seconds applied to the inductor over one switching period are :

32



VL (t) A vV

g

«~— DT, —>|«— DT,— ‘

t

V-V
ic(t) 4 | — VIR
«~— DT, —|«— DT,—

t

_ VIR

Figure 3.6: Boost converter voltage and current waveform [1].

T
/0 vydt = (Vg) DTy + (Vo — V) D'T; (3.8)

By equation this expression to zero and collecting terms, one obtains

Ve (D+D')—VD' =0 (3.9

Solution for V, and by noting that (D+D’) = 1 , yields the expression for output

voltage,

Ve

V= D (3.10)

The voltage conversion ratio M (D) is the ratio of the output to the input voltage of a
dc-dc converter.

Equation 3.10 predicts that the voltage conversion ratio is given by

Vv 1 1

So the ideal boost converter is capable of producing output voltage greater than input
voltage. There are, of course, limits to the output voltage that can be produced by a
practical boost converter. The dc component of the inductor current is derived by use
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of the principle of capacitor charge balanced. The net change in capacitor charge over

one switching period is found by integrating the ic (t) waveform of Figure 3.6.
Ty Vv Vv
/ io(t)dt = —~ | DT+ (1——= | D'T, (3.12)
0 R R
Collecting terms, and equating the result to zero, leads the steady-state result

D'’R

3.13)

We sketch inductor current iz () waveform and derive an expression for the inductor
current ripple Aiz. The inductor voltage waveform vy (r) has been already found
Figure 3.6, so we can sketch the inductor current waveform directly. During the first

subinterval, with the switch in position 1, the slope of the inductor current is given by

dt L
Likewise, when the switch is in position 2, the slope of the inductor current waveform

dir(t) vr(t) % (3.14)

is

= = 3.15)

Figure 3.7: Boost converter inductor current waveform iz,(¢) [1].

The inductor current waveform is sketched in Figure 3.7. During the first subinterval,
the change in indutor current 2Aiy, is equal to the slope multiplied by the length of the

subinterval or

2Ai; = -2 DT, (3.16)
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solution for Aiz, leads to

oV
Aip = ﬁDTS (3.17)

This expression can be used to select the inductor value L such that a given value of
Aiy, is obtained.

Likewise, the capacitor voltage v(z) waveform can be sketched, and an expression
derived for the output voltage ripple peak magnitude Av. The capacitor current
waveform ic(¢) is given in Figure 3.6.

During first subinterval, the slope of the capacitor voltage v(z) is

dve(t) ic(t) -V

= = — 3.18
dt C RC (3.18)
During second subinterval, the slope is
dv(t ic(t I Vv
velt) _ic) _ 1 V. (3.19)

dt C C RC

The capacitor voltage waveform is sketched in Figure 3.8. During the first subinterval,
the change in capacitor voltage, -2Av, is equal to the slope multiplied by the length of

the subinterval:

V() ,
V: ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,, Av

=V | 1
RC - C RC

Figure 3.8: Boost converter output voltage waveform v(z) [1].

-V
—2Av = — DT, 2
v= 2D (3.20)
solution for Av yields
Av = v DT, 3.21)
) Tonte ‘
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This expression can be used to select the capacitor value C to obtain a given output
voltage ripple peak magnitude Av [1].

Thus the selection of boost converter components (the input inductor and the output
capacitor) is a compromise between dynamic responses and the MPPT algorithm
trigger time. The maximum value of the state variables should be calculated to
estimate the value of the boost converter. The specifications of the boost converter

are summarize in Table 3.1 and the calculated parameters of are listed in Table 3.2

Table 3.1: Specifications of the boost converter.

Parameter Symbol Value Unit

Switching frequency Ssw 32.0 kHz
Maximum input voltage V pv(max) 6.03 \"
Rated inductor current I 5.54 A
Maximum voltage ripple Vyipple(max) 1.2 \Y

Table 3.2: Parameters of the boost converter.

Parameter Symbol Value Unit
Minimum duty cycle Din 0 %
Maximum duty cycle Dax 80 Y0
Minimum inductance L, in 47 uH
Peak inductor current L (o) 6.3 A
Minimum capacitance Ciin 80 uF

3.3 Algorithm for maximum power point tracking

For understanding optimize array power with PSO algorithm we must be familiar with

this algorithm so this optimize method is introduced briefly.

3.3.1 Particle Swarm Optimization method

3.3.1.1 Introduction

Particle swarm optimization (PSO) is originally attributed to Kennedy, Eberhart and
Shi was first intended for simulating social behavior. The book by Kennedy and
Eberhart describes many philosophical aspects of PSO and swarm intelligence. An
extensive survey of PSO applications is made by Poli. PSO is a metaheuristic as it
makes few or no assumptions about the problem being optimized and can search very

large spaces of candidate solutions. PSO does not use the gradient of the problem
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being optimized, which means PSO does not require that the optimization problem
be differentiable as is required by classic optimization methods such as gradient
descent and quasi-newton methods. A basic variant of the PSO algorithm works by
having a population (called a swarm) of candidate solutions (called particles). These
particles are moved around in the search-space according to a few simple formulae.
The movements of the particles are guided by their own best known position in the
search-space as well as the entire swarm’s best known position. When improved
positions are being discovered these will then come to guide the movements of the
swarm. The process is repeated and by doing so it is hoped, but not guaranteed, that a

satisfactory solution will eventually be discovered [2].

3.3.1.2 Mathematical modelig of Particle Swarm Optimization

Consider an optimization problem of D variables. A swarm of N particles is
initialized in which each particle is assigned a random position in the D-dimensional
hyperspace such that each particle’s position corresponds to a candidate solution for
the optimization problem. Let x denote a particle’s position (coordinate) and v denote
the particle’s flight velocity over a solution space. Each individual x in the swarm is
scored using a scoring function that obtains a score (fitness value) representing how
good it solves the problem. The best previous position of a particle is Pbest. The index
of the best particle among all particles in the swarm is Gbest. Each particle records its
own personal best position (Pbest), and knows the best positions found by all particles
in the swarm (Gbest). Then, all particles that fly over the D-dimensional solution
space are subject to updated rules for new positions, until the global optimal position
is found. Velocity and position of a particle are updated by the following stochastic

and deterministic update rules:

VI — ok e Rand () x (Pbestt —xF) + coRand () x (Gbest* —xF) (3.22)

A= ok gk (3.23)

where w is an inertia weight, ¢; and ¢, are acceleration constants, and Rand( ) is
a random number between 0 and 1. Equation 3.22 indicates that the velocity of a

particle is modified according to three components. The first component is its previous
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velocity, v; , scaled by an inertia, w. This component is often known as “habitual
behavior”. The second component is a linear attraction toward its previous best
position, Pbestll‘ , scaled by the product of an acceleration constant, ¢y, and a random
number. Note that a different random number is assigned for each dimension. This
component is often known as “memory” or “self-knowledge”. The third component
is a linear attraction toward the global best position, Gbest* , scaled by the product of
an acceleration constant, ¢, and a random number. This component is often known as
“team work™ or ’social knowledge.”

Figure 3.9 illustrates a search mechanism of a PSO technique using the velocity update

rule 3.22 and the position update rule 3.23.

- — — — original velocity
rrrrrrrrrrrrrrrrrrrrrrrrr » velocity toward Pbest
velocity toward Gbest
modified velocity

solution space

Figure 3.9: Searching mechanism of a PSO [2].

Acceleration constants ¢ and ¢, represent the weights of the stochastic acceleration
terms that push a particle toward Pbest and Gbest, respectively. Small values allow
a particle to roam far from target regions. Conversely, large values result in the
abrupt movement of particles toward target regions. Suitable correction of inertia w
in Equation 3.22 provides a balance between global and local explorations, thereby

reducing the number of iterations when finding a sufficiently optimal solution [2].
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3.3.2 How use microcontroller to track maximum power point

The procedure of the MPPT using PSO algorithm is presented in the flowchart shown

in Figure 3.10.

10.

11.

12.

13.

14.

. Determine number of swarm and number of iteration (stopping criteria is the

number of iteration) and global Watt by 0 value.

initialize swarm position by the random number between 0 and 100 (swarm are duty
cycle which select randomly by random function in microcontroller and this value

is buck converter operate duty cycle) and swarm velocity by zero value.

. Evaluation of the objective function of the corresponding initialized particles. The

objective function is chosen to be wattmeter value which microcontroller read in
A/D pins and in initialize part we name it best cost because in initialize level the

first value is the best value.

If the best value of particle is greater than global cost (watt) go to level 5 else go to

level 6.

. Write particle position and cost to global cost and position.

Go to next particle by increasing i value.

If 11s greater than i,,,, go to step 8 else go to 1.

Choose first particle (i=1).

Updating particle position and velocity according Equation 3.22 and Equation 3.23.
Calculate particle cost (wattmeter value).

If particle cost is greater than particle best cost go to step 12 else go to 15.

Write particle cost and position to particle best position and cost.

If particle cost is greater than global cost go to 14.

Write particle position to global position and particle cost to global cost.
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15.

16.

17.

18.

19.

Go to next particle.

If 11s greater than iy, go to 17 else go to 9.

Go to next iteration and start from first particle.

If iteration is greater than maximum iteration go to 19 else go to 9.

Microcontroller operate at global duty cycle for 10 seconds and go to step 1.
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Figure 3.10: Flowchart of searching algorithm of PSO.
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4. SIMULATION RESULTS

Following Chapter 2 solar panel is modeled in Proteus. Also CodevisionAVR is used

for programming ATmega32 microcontroller. The schematic circuit is represented in

Figure 4.1.
ipanel
PV array R 100 H
/“\ 222" »
Ll
+ +
Vpanel == 450 F @ = g75.F Vioad
N—]
_ M -
Pulse to
MOSFET
Gate
Tt
Controller

Figure 4.1: Schematic circuit of panel and controller.

In Figure 4.2 the simulation result for unchanged ambient condition, is shown, running

time is 1 second.

As shown in Figure 3.10 the algorithm restart every 10 second but for simulation
purpose it is considered the delay time is 1 second. Following Figure 4.3 when
irradiation changes at 0.8 second, the panel power is lower than desired value, but
when new searching cycle starts, the panel operates at maximum power point (When
irradiation change from 1000 to 600 watt /m? maximum power also change from 28.1

to 17 Watt).

To check controller operation by different load value, the load is changed from 4 to
2Q in 0.8 second.

As shown in Figure 4.4, when the load changes, the panel does not operate at maximum
power, until new cycle starts to search maximum power point and panel track exactly

maximum power point again.
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Figure 4.2: Simulation results.
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Figure 4.3: Simulation results when irradiation changes.
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Figure 4.4: Simulation results when load changes.
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5. EXPERIMENTAL RESULTS AND ANALYSIS

An experiment is conducted to verify the performance of the MPPT algorithm are
implemented with AVR microcontroller . The PV panels output current i, is sensed
with current sensor and voltage v,, is sensed by microcontroller and this data are
processed by microcontroller system, then PWM pulse are outputted to driving circuit

of the boost converter. So fully digital control is realized.

5.1 Experimental Setup

From MPPT system diagram which is shown in 5.1 we can see that the system is

comprised of three parts, PV Panels, Boost Converter, and the MPPT controller.

ipanel
PV array — > 80 uH
/0\ Y Y M P
+ +

:: Vicad
<>

— 875 uF

v,)ane[ == 450 puF @
N— 1

Pulse to
MOSFET
b Gate

Controller

Figure 5.1: Experimental schematic circuit of panel and controller.

5.1.1 PV Panels

A PV panel manufactured by Sunpower©is used in the in the experiment [Appendix
B 2.1].

Each module has the following parameters under standard test condition of
1000W/m?, 25°C cell temperature. In the experiment, 9 module are series.

The open circuit voltage(Voc) is 0.670V.
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The short-circuit current (Isc) is 5.9A.
The voltage at the MPP(Vjpp) is 0.560V.
The current at the MPP({y,pp) is 5.14A.

5.1.2 The MPPT Converter

In the MPPT system implemented for simplicity variable resistor load is used. By

consider section 3.2.2 , the component of converter are determined.

5.1.2.1 MOSFET Rating

The maximum current that the power switch carries is the PV short-circuit current, Ic.
For high reliability, the rated current of MOSFET should be 1.2 ~ 1.5Ig¢, which is
5.9x 1.5 =8.85A.

The maximum voltage that the switch standard is output voltage of boost converter
vour- For high reliability, the rated voltage of MOSFET should be 1.5V,,;, which is
12x1.5=18V.

By consider this calculation and available component in laboratory IRFP150 was

chosen [Appendix B 2.2].

5.1.2.2 Diode Rating

The maximum current that the diode carries is also Isc. For high reliability, the rated
current of the diode should also be 1.2 ~ 1.5 which also is 8.85A.

The maximum voltage that the diode blocks is V,,,. For high reliability, the rated
voltage of diode should be 1.5V,,;, which is 18V.

Similarly consideration for diode cause MUR805G was selected [Appendix B 2.3].

5.1.3 Sensor

5.1.3.1 Current Sensor

Because microcontroller does not have current sensor, LTS25 NP current transducer is
used to sense current and turn it to voltage form to microcontroller process [Appendix

B 2.6]. There is linear relation between sensed current and output voltage, this voltage
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swing above 2.5v, it means when current is zero (open-voltage) the output voltage is

2.5v and when the current is in opposite direction the voltage is lower than this value.

5.1.4 Controller

5.1.4.1 Microcontroller

The controller which is used in this thesis is AVR ATMEGA 32 which is production
of ATMEL company [Appendix B 2.4]. The microcontroller system sample the PV
panels output current i, (with current sensor) and voltage v, by A/D converters, then
processes them and output the PWM signals to the driving circuit of the boost converter

by the I/O unit.

5.1.4.2 MOSFET Driver

The switching signal for a transistor is usually generated by a logic circuit or a
microcontroller, which provides an output signal that typically is limited to a few
milliamperes of current. Consequently, a transistor which is directly driven by such
a signal would switch very slowly, with correspondingly high power loss. During
switching, the gate capacitor of the transistor may draw current so quickly that it causes
a current overdraw in the logic circuit or microcontroller, causing overheating which
leads to permanent damage or even complete destruction of the chip. To prevent this
from happening, a gate driver is provided between the microcontroller output signal
and the power transistor. By consider the selected MOSFET and microcontroller,

TLP250 by Toshiba is used to run MOSFET [Appendix B 2.5].

5.2 Experimental Results

In experimental by consider ambient condition and in unchanged irradiation level and

temperature and fix wind speed, panel IV curve is drawn in Figure 5.2.a.

In Figure 5.2.b it can be seen by changing voltage how panel power change, the
maximum power point voltage is 4.6V.

This results are calculated in unchanged ambient condition with variable resistor load
which connected to solar panel, and by changing load resistance voltage and current of

panel change, and by record this data, they are plotted.
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Figure 5.2: Real panel characteristic a) IV and b) PVcurve at 2015.4.23 2:20pm.

Implemented microcontroller by changing boost converter duty cycle, changes panel
output voltage, and track maximum point voltage in Figure 5.3, the experimental
results are for 100s as mentioned in Section 3.3.2, this algorithm start to search new
optimum point in every seconds which can change for different condition rely on some
factor like how fast shadow irradiation change, temperature and wind speed but the it
most rely on shadow changing. By considering university laboratory condition, delay

time for restart algorithm is 10 second.

The result in Figure 5.3, is for 50s and control system in 5 searching for optimal point
, track almost same voltage value because ambient condition unchanged in experiment
period and it adopt with simulation section. For simplicity the resistor load is used.

To obtain function of controller in load changing condition , as shown in Figure 5.4 at
about 60" second the load is changed from 12 to 8Q , at this condition voltage drop
from 4.6V (optimal point) to 3.9V, and panel operate at this volt until after seconds,
controller start to search new duty cycle which cause to converter operate at optimal

voltage .
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Figure 5.3: Experimental result of MPPT technique in unchanged irradiation and
temperature condition.

As it is shown in Figure 5.4 about 70’* second, by new duty cycle converter back to
desired voltage.

The other scenario which must discuss and adopt with simulation part is operation
of panel and controller in different irradiation level. Because this experiment is done
in different day of other two experiment, the maximum voltage in full irradiance is
calculated with same procedure is 4.9V and when irradiance decrease, new optimal

point is 4.6V.

As shown in Figure 5.5, about 5 second the irradiation decrease and results panel
operate in 4V which is not optimal point for new irradiation level, as in about 10/

second controller search new optimal point, and operate at new optimal point.
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6. CONCLUSIONS AND FUTURE WORK

In this algorithm which base on PO method we just need a current sensor
microcontroller (we use AVR ATmega32) and boost converter. One of the important
specification of PSO algorithm is tracking global maximum point even in presence of
multiple local maximums.

Compared to other method which use microcontroller like look table-up method, this
method does not need any information about panel and environment condition i.e, we
can use this controller for any panel in any condition also changing of temperature and
irradiation does not affect operation.

This method does not need any control loop so it is low cost, which does process
with avr microcontroller and current sensor. By comparing this algorithm with other
intelligent systems like fuzzy controller or neural network system this algorithm is
more simple.

Periodically search can be disadvantage of this method, in another word, when the
ambient condition or load change the controller does not track maximum point, until
search mechanism starts to find new optimum point. This feature can be corrected by
periodically replacing searching by another method.

conditional search method can be investigated as a future work. By using this method
controller calculate output power and if it changes in large value, controller start
to search new optimal point, but there must be some consideration because instant

shadowing can affect this feature too and panel periodically tune at maximum point.
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APPENDIX A.1

J/header ¥ sk st st ste steste s s she sk st sfe sfe sheshe e se s sk st sfe s sheshe s s she s st sfeshesheshe s s sk sfe st sfeshesheske s sk st sfesfe shesheske ke s sk st sfesfesheske sk sk sk sk stesfesteskeskeok skeskok

include <stdlib.h> //header for pso

include <math.h> //header for pso

include <mega32.h> //header for atmega32
include <io.h> //header for atmega32
include <delay.h> //header for delay
include <stdio.h> //header for rand
//Global parameters >t sfe sk e sk sk st sfe she sk st she skt sk sk sie sk she sk st s sk st sk skeosie sk she st st sfe sk ste s skeosie sk skeoste st sheoske st s skeosie sk skeoste sk sk st stk skoskoke sk skok ks
int lowerbound=0; //lowebound for
variables

int upperbound=100; //upper bound for
variables

int velocitylowerbound;

int velocityupperbound;

int bestcost[3]; iterationsbestcost

int particleposition[5]; 5 is number of npop
int particlevelocity[5];

int particlecost[5];

int particlebestposition[5];

int particlebestcost[5];

int globalbestcost=0;

//deﬁnition Ofpr()blem skt sk st sk sk sk sk sk skoske sk sk skt s sk sk sk sk sk sk sk sk sk sk sk sk stk skoske sk skt skt sk sk sk sk skt sk skt skt sk skoko ks

int watt()

{

1t X,y,m,n;

DDRD = OxFF;

DDRB=0xFF;

DDRA=0;

ADCSRA=0x87;

ADMUX=0xCO0;

ADCSRAI=(1 < ADSC);
while((ADCSRA& (1 < ADIF)) == 0);

{x=ADCL,;
y=ADCH,
y=(<3);
y=y+x;
y=(y"20);

}
ADCSRA = 0x87,

ADMUX = 0xC1;

{ADCSRA| = (1 << ADSC);
{while((ADCSRA&(1 << ADIF)) ==0);
m=ADCL;
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n=ADCH;

n=(n<<38);

n=n-+m,

n = (n*10); / /becauseo fvoltagedivider

n = ((n—1000)*10); //(2.5//0025) = 1000

y = (n*0.0025*y); / / becausewedividethevaluestwotimeoneincurrentandothervoltage
}

}

return y,

}

/] defInitiono f Wi s s s s s s s sk sk ok sk sk ok s sk ok ok sk ok ok sk ok ok ok ok koK K KoK R K KO K K K
void pwm()

{

DDRD| = (1 << 5);

ICR1H = 0x00;

ICRIL =99;

OCR1AH = 0x00;

TCCR1A = 0x82;

TCCR1B = 0x19;

}

//definition of a function which produce numbers between two boundarys s s s x s
intatmal)

{

inta=rand() //(upperbound — lowerbound + 1) + lowerbound,

return a;

H

] PArameters s s s s s s sk % k % sk % %k ok kK ok ok ok K ok kK K K kK K KK KK KK R R KK R K K
int velocityupperbound,velocitylowerbound,w,cl,c2,it,i,globalbest position,

npop =5, itmax = 3,wdamp = .9;

[ GR35 5 5k ok sk ok ok ok koK ok KR oK kKR KKK KRR KK R KR KR K K R KK R KK
voidmain()

{

//Constriction Coefficients

w=1;
cl=1;
c2=2;

//initializition*******************************************
pso :

globalbestcost = 0;

velocityupperbound = ((.1) * (upperbound — lowerbound));
velocitylowerbound = —velocityupperbound,;

for(i=1;i <npop;i++)

{{

/ /initilizeposition

particleposition[i| = atma();

//initializeparticlevelocity

particlevelocity[i] = 0;

//evaluation

OCRI1AL = particleposition]i];
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pwm();

delay_ms(10);

particlecost|i] = watt();

/ /updatepersonalbest

particlebest position[i| = particlepositionli;

particlebestcost|i| = particlecost]i];

/ /updateglobalbest

if (particlebestcost[i] > globalbestcost)

{globalbest position = particlebest position|i|; globalbestcost = particlebestcost|i]; }

[/ PSO MAIN 100D  # # # 5 5 5 5 o 5 5 3 3+ 4 4 4 4 4 4 4 4 4 4 4 4 44 4 KK KK H KKK KK KKk
for(it = 0;it < itmax;it ++)
for(i=1;i < npop;i++)

{

/ /updatevelocity

particlevelocityli| = (w* particlevelocityli]) + ((c1*(atma())*.01)* (( particlebest position[i] —
particlepositionli]))) + (((c2*atma()*.01)*(globalbest position -
particlepositionli))));

//applyvelocitylimit

if (particlevelocityli| > velocityupperbound)
{particlevelocityli| = velocityupperbound; }
if (particlevelocity[i] < velocitylowerbound)
{particlevelocity[i] = velocitylowerbound; }
/ /updateposition

particleposition|i| = particleposition[i] + particlevelocityli];
/ /applypositionlimit

if (particleposition[i] > upperbound)
{particleposition[i] = upperbound; }

if (particleposition[i] < lowerbound )
{particleposition[i] = lowerbound; }

//evaluation
OCRI1AL = particleposition]i];
pwm();

delay_ms(10);

particlecost|i] = watt();

/ /updatepersonalbest

if (particlecost|i] > particlebestcost|i])
{particlebestcost[i] = particlecost][i];
particlebest position[i| = particlepositionli];
//updateglobalbest

if (particlebestcost[i] > globalbestcost)
{globalbest position = particlebest position|i];
globalbestcost = particlebestcost|il; } }

}

bestcost|it] = globalbestcost,

w = w*wdamp;

}

OCRIAL = globalbest position;
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//delay_ms(1);

pwm();
delay_ms(1000);

gotopso; }
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APPENDIX B.Datasheets

2.1 Solar panel Datasheet

SUNPQOWER

A-300 SOLAR CELL
MONO CRYSTALLINE SILICON

A-300 CELL PERFORMANCE - TYPICAL I-V CURVE

Physical Characteristics i
Construction: All-back contact ; i .
Dimensions: 125 mm x 125 mm - nominal 4 : H .
Thickness: 270 pm * 40 pm i : : ;

w

ELECTRICAL CHARACTERISTICS OF TYPICAL

CELL AT STANDARD TEST CONDITIONS (STC)
STC is defined as: irmadiance of 1000W,/m?2, spectrum AM 1.5g and
cell temperature of 25°C

Current (A)
N
L R

| '
]

Open Circuit Voltage: 0.670V !
Short Circuit Current: 59A i
Maximum Power Vohoge: 0.560 V 0 ; ; H H : H
Maximum Power Current: 554 A i
Rated Power: 1w 0 0.1 02 03 04 05 06 0.7
Efficiency: Upto21.5% Voltage (V)
Temperature Coefficients CELL BACKSIDE VIEW
Voltage: -1.9mvV /°C (Dimensions in mm)
. . % /o Solder Pads
Power: 0.38% /°C 3150 _’lB'Al o1 _/T
T t ; 6.0

ATTRIBUTES I

/ \

e High efficiency reduces module assembly and system
installation costs

¢ Uniform front appearance - no contact grid
e Back contact design simplifies circuit assembly

* Lower temperature coefficient improves energy delivery

PACKAGING

e Cells are packed in boxes of 1000 each; grouped in

shrink-wrapped stacks of 50 with interleaving
¢ Twelve boxes are packed in a water-resistant “Master Carton” [e] ] ]

containing 12,000 cells suitable for air transportation

< 125 >

© March 2005 SunPower Corporation. Allrights reserved. Specifications included in his datasheet are subject fo change without nofice. Documenti: 70-0006 Rev04

SunPower Corporation®

1.877.786.0123  Email: sales@sunpowercorp.com  www.sunpowercorp.com
d

A Subsidiary of Cypress S
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2.2 MOSFET Datasheet

International
Rectifier

PD-9.441D

IRFP150

HEXFET® Power MOSFET

Dynamic dv/dt
Repetitive Aval

Fast Switching

Description

Third Generation HEXFETs from International Rectifier provide the designer
with the best combination of fast switching, ruggedized device design, low

Isolated Central Mounting Hole
175°C Operating Temperature

Ease of Paralleling
Simple Drive Requirements

Rating
lanche Rated

° Vpgs = 100V
RDS(OH) = 00559
. Ip = 41A

on-resistance and cost-effectiveness.

The TO-247 package is preferred for commercial-industrial applications
where higher power levels preclude the use of TO-220 devices. The TO-247
is similar but superior to the earlier TO-218 package because of its isolated
mounting hole. It also provides greater creepage distance between pins to

meet the requirements of most safety specifications.

TO-247AC
Absolute Maximum Ratings
Parameter Max. Units

Ip@ Tc=25°C Continuous Drain Current, Vas @ 10V 41
Ip @ Tc=100°C | Continuous Drain Current, Vgs @ 10V 29 A
iom Pulsed Drain Current ©® 160
Pp @ Tc=25°C | Power Dissipation 230 W

Linear Derating Factor 1.5 W/°C
Vas Gate-to-Source Voltage +20 v
Eas Single Pulse Avalanche Energy @ 830 mJ
lar Avalanche Current ® 4 A
Ear Repetitive Avalanche Energy @ 19 md
dv/dt Peak Diode Recovery dv/dt ® 5.5 V/ns
Ty Operating Junction and -55to +175
Tsta Storage Temperature Range °C

Soldering Temperature, for 10 seconds 300 (1.6mm from case)

Mounting Torque, 6-32 or M3 screw 10 Ibfein (1.1 Nem)

Thermal Resistance
Parameter Min. Typ. Max. Units

Reasc Junction-to-Case —_ — 0.65
Racs Case-to-Sink, Flat, Greased Surface — 0.24 — C/W
ReJa Junction-to-Ambient — — 40

947
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2.3 Diode Datasheet

MUR805G, MUR810G,
MUR815G, MUR820G,
MUR840G, MUR860G,
MURF860G, SUR8820G,
SUR8840G

Switch-mode Power
Rectifiers

This series is designed for use in switching power supplies,

inverters and as free wheeling diodes.

Features

Ultrafast 25 and 50 Nanosecond Recovery Time

175°C Operating Junction Temperature

Epoxy Meets UL 94 V-0 @ 0.125 in

Low Forward Voltage

Low Leakage Current

Reverse Voltage to 600 V

ESD Ratings:

+ Machine Model = C (> 400 V)

+ Human Body Model = 3B (> 16,000 V)

SURS Prefix for Automotive and Other Applications Requiring
Unique Site and Control Change Requirements; AEC-Q101
Qualified and PPAP Capable

These Devices are Pb—Free and are RoHS Compliant*

Mechanical Characteristics:

Case: Epoxy, Molded

Weight: 1.9 Grams (Approximately)

Finish: All External Surfaces Corrosion Resistant and Terminal
Leads are Readily Solderable

Lead Temperature for Soldering Purposes: 260°C Max for 10 Seconds

*For additional information on our Pb-Free strategy and soldering details, please

download the ON Semiconductor Soldering and Mounting Techniques
Reference Manual, SOLDERRM/D.

© Semiconductor Components Industries, LLC, 2014 1

February, 2014 - Rev. 13
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ON Semiconductor®

http://onsemi.com

ULTRAFAST RECTIFIERS
8.0 AMPERES, 50-600 VOLTS

TO-220AC TO-220 FULLPAK
CASE 221B CASE 221AG
STYLE1 STYLE 1

MARKING DIAGRAMS

O O

AY WWG AYWWG
UBxx MURF860

R . e

A = Assembly Location
Y = Year
ww = Work Week
UBXX = Device Code
xx = 05, 10, 15, 20, 40, or 60
G = Pb-Free Package
KA = Diode Polarity

ORDERING INFORMATION
See detailed ordering and shipping information in the package
dimensions section on page 7 of this data sheet.

Publication Order Number:
MUR820/D



2.4 Microcontroller Datasheet

Features
 High-performance, Low-power Atmel®AVR® 8-bit Microcontroller
¢ Advanced RISC Architecture
— 131 Powerful Instructions — Most Single-clock Cycle Execution
— 32 x 8 General Purpose Working Registers
— Fully Static Operation
— Up to 16 MIPS Throughput at 16MHz
— On-chip 2-cycle Multiplier
* High Endurance Non-volatile Memory segments
— 32Kbytes of In-System Self-programmable Flash program memory

- 1024Bytes EEPROM 8'bit AVR®

— 2Kbytes Internal SRAM

®

— Write/Erase Cycles: 10,000 Flash/100,000 EEPROM H
- Data retention: 20 years at 85°C/100 years at 25°C'") M |crocontr0| Ier
— Optional Boot Code Section with Independent Lock Bits H

In-System Programming by On-chip Boot Program WIth 32KBytes

True Read-While-Write Operation
— Programming Lock for Software Security In'SVStem
¢ JTAG (IEEE std. 1149.1 Compliant) Interface
— Boundary-scan Capabilities According to the JTAG Standard Prog ram mable

— Extensive On-chip Debug Support

— Programming of Flash, EEPROM, Fuses, and Lock Bits through the JTAG Interface FIaSh
* Peripheral Features

— Two 8-bit Timer/Counters with Separate Prescalers and Compare Modes

— One 16-bit Timer/Counter with Separate Prescaler, Compare Mode, and Capture

Mode ATmega32

— Real Time Counter with Separate Oscillator
— Four PWM Channels
— 8-channel, 10-bit ADC ATmega32L
8 Single-ended Channels
7 Differential Channels in TQFP Package Only
2 Differential Channels with Programmable Gain at 1x, 10x, or 200x
— Byte-oriented Two-wire Serial Interface
— Programmable Serial USART
— Master/Slave SPI Serial Interface
— Programmable Watchdog Timer with Separate On-chip Oscillator
— On-chip Analog Comparator
* Special Microcontroller Features
— Power-on Reset and Programmable Brown-out Detection
- Internal Calibrated RC Oscillator
— External and Internal Interrupt Sources
— Six Sleep Modes: Idle, ADC Noise Reduction, Power-save, Power-down, Standby
and Extended Standby
* 1/O and Packages
— 32 Programmabile I/O Lines
— 40-pin PDIP, 44-lead TQFP, and 44-pad QFN/MLF
¢ Operating Voltages
— 2.7V - 5.5V for ATmega32L
— 4.5V - 5.5V for ATmega32
* Speed Grades
— 0 - 8MHz for ATmega32L
— 0 - 16MHz for ATmega32
* Power Consumption at 1MHz, 3V, 25°C
— Active: 1.1mA
- Idle Mode: 0.35mA
— Power-down Mode: < 1pA

2503Q-AVR-02/11

AIMEL

®
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2.5 MOSFET Driver Datasheet

TOSHIBA TLP250

TOSHIBA Photocoupler GaAtfAs Ired & Photo-IC

TLP250

Transistor Inverter

Inverter For Air Conditioner
IGBT Gate Drive Unit in_mm
Power MOS FET Gate Drive

The TOSHIBA TLP250 consists of a GaAlAs light emitting diode and a i
integrated photodetector.
This unit is 8-lead DIP package. = 5 J %
TLP250 is suitable for gate driving circuit of IGBT or power MOS FET. T2 *

6.4+025

965105

e Input threshold current: IF=5mA(max.)

e Supply current (IcC): 11mA(max.)

e Supply voltage (Vce): 10-35V

e Output current (I0): +1.5A (max.)

e Switching time (tpLH/tpHL): 0.5ps(max.)

e Isolation voltage: 2500Vyms(min.)

e UL recognized: UL1577, file No.E67349

e Option(D4)
VDE Approved : DIN EN60747-5-2
Maximum Operating Insulation Voltage : 890Vpk TOSHIBA 11-10C4
Highest Permissible Over Voltage ;-4000Vrk Weight: 0.54 g (typ.)

(Note):When a EN60747-5-2 approved type is needed, Pin Configuration (top view)

11-10C4

Please designate “Option(D4)”
10 s
2 E} 17
-
3
Truth Table s He
™ Fr2 40 :I 5
Input On On Off
LED Off Off On 1:NC. 5:GND
2: Anode 6:Vo (Output)
3: Cathode 7:Vo
4:NC. 8:Vee
Schmatic

IF
-
2+
Ve }3{
3

A 0.1pF bypass capcitor must be
connected between pin 8 and 5 (See Note 5).

1 2007-10-01
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2.6 Current Sensor Datasheet

" LEM
i

Current Transducer LTS 25-NP I, =25 At

For the electronic measurement of currents: DC, AC, pulsed,
mixed with galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).

GN us

16054

Electrical data Features

Ly Primary nominal current rms 25 At e Closed loop (compensated) multi-
low Primary current, measuring range 0..+80 At range current transducer using
Vour Output voltage (Analog) @ I, 2.5+(0.625°1/1,,)V the Hall effect
1,=0 25" \ e Unipolar voltage supply
G Sensitivity 25 mV/A e |solated plastic case recognized
N Number of secondary turns (+ 0.1 %) 2000 according to UL 94-VO
R, Load resistance >2 kQ e Compact design for PCB
R Internal measuring resistance (+ 0.5 %) 50 Q mounting
TCR,, Temperature coefficient of R, <50 ppm/K e Incorporated measuring
V. Supply voltage (£ 5 %) 5 \Y% resistance
Ie Current consumption @ V. =5V Typ 28+ 2+(V, /R ) mA e Extended measuring range.
e Excellent accuracy
X Accuracy @ I, T, =25°C +0.2 % e \ery good linearity
Accuracy with R, @ I, T, = 25°C +0.7 % e \ery low temperature drift
e Linearity error <01 % e Optimized response time
Typ| Max e Wide frequency bandwidth

TCV,,, Temperature coefficient of V,,, @ 1,=0 -10°C..+85°C |50 | 100 ppm/K e No insertion losses

-40°C .. -10°C 150 ppm/K e High immunity to external
TCG  Temperature coefficient of G -40°C .. +85°C 50 2 ppm/K interference
Vou Magnetic offset voltage @ I, = 0, e Current overload capability.

after an overload of 3 x I, +05 mVv . .
S5xl 20 mv Applications
10 x 1, £20 mv e AC variable speed drives and
t. Reaction time @ 10 % of I, <100 ns servo motor drives
t Response time to 90 % of I, step <400 ns e Static converters for DC motor
di/dt di/dt accurately followed > 60 Alus drives
BW Frequency bandwidth (0 .. - 0.5 dB) DC .. 100 kHz e Battery supplied applications
(-0.5..1dB) DC .. 200 kHz e Uninterruptible Power Supplies

(UPS)

General data Switched Mode Power Supplies
(SMPS)

T, Ambient operating temperature -40..+85 °C e Power supplies for welding
T Ambient storage temperature -40.. + 100 °C applications.
m Mass 10 . . -
Standards EN 50178: 1997 Application domain
IEC 60950-1: 2001 o Industrial.

Notes: " Absolute value @ T, = 25°C, 2.475 <V, < 2.525
21 = I,/Ng

3)
Only due to TCR,. Page 1/3

110209/22 LEM reserves the right to carry out modifications on its transducers, in order to improve them, without prior notice www.lem.com
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