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SIMULATION OF INCREMENTAL CONDUCTANCE MPPT WITH
DIRECT CONTROL METHOD USING CUK CONVERTER

Amarnath Kurella!, R Suresh?

Abstract

PV Module Maximum Power Point Tracker (MPPT) istetovoltaic system that uses the photovoltaic agsy source of electrical
power supply. Every photovoltaic (PV) array has @ptimum operating point, called the maximum powein{) which varies

depending on cell temperature, the insulation lerel array voltage. The function of MPPT is neettedperate the PV array at its
maximum power point. The design of a Maximum PeakelP Tracking (MPPT) is proposed utilizing a culngerter topology. Solar
panel voltage and current are continuously monitoby a MPPT, and the duty cycle of the cuk convexetinuously adjusted to
extract maximum power. The design consists of afPay, DC-DC cuk converter and many such algorithmse been proposed.
However, one particular algorithm, the Incremen@anductance method, claimed by many in the liteeata be inferior to others,
continues to be by far the most widely used meith@dmmercial PV MPPT’s. The general model was émgnted on Mat lab, and
accepts irradiance and temperature as variable paegers and outputs the |-V characteristic and Ph¥racteristic

Index Terms: PV system; Maximum power point tracking (MPPTErémental conductance (Inccond); digital signal

processor (dsp)

*kk

1. INTRODUCTION

Unfortunately, PV generation systems have two major

problems: the conversion efficiency of electric pow
generation is very low (9-16%), especially undemw lo
irradiation conditions and the amount of electriowpr
generated by solar arrays changes continuously wédther
conditions. Moreover, the solar cell V-l charadttd is
nonlinear and changes with irradiation and tempeeatin
general, there is a point on the V-l or V-P curviypcalled
the Maximum Power Point (MPP), at which the entr¢
system operates with maximum efficiency and produite
maximum output power [5].The location of the MPPnist
known, but can be located, either through calcotatnodels
or by search algorithms. Maximum Power Point Tragki
(MPPT) techniques [6] are used to maintain the PNy
operating point at its MPP. MPPT is not a mecharieaking
system that “physically moves” the modules to makem
point more directly at the sun. MPPT is a fully atienic
system that varies the electrical operating poirthe modules
so that the modules are able to deliver maximunilae
power.

As the MPP is always requested, and this pointeafound in
any position on |-V curve, depending on temperatanel
irradiation levels, the natural DC-DC converter§][20 be
applied as MPP Trackers are Buck, Boost, Buck-Boarst
Cuk converter.

Safari A., Mekhilef S[1] presented a paper aboutt tiihe
basic structural unit of a solar module is the R¥lscand PV
module characteristics are comprehensively disciisshich
indicates an exponential and non-linear relatiortwben
output current and voltage of PV module. It gives idea
about the significant points on each |-V curve: romércuit
voltage, short circuit current and the operatingipwhere the
module performs the maximum power (MPP).

ROBERTO FARANDA, SONIA LEVA [6] discussed Many
MPPT techniques under the energy production pdiniew:
Constant Voltage Method, Short-Current Pulse Metliygen
Voltage Method, Perturb and Observe Method, Increaie

Conductance Method and Temperature Method .These

techniques vary between them in many aspects, dimgu
simplicity, convergence speed, hardware implemimat
sensors required, cost, range of effectiveness reedl for
parameterization.

N.Femia, G.Petrone, G.Spagnuolo, M.Vitelli [10] alissed
how the Maximum power point tracking (MPPT) techrag
are used in photovoltaic (PV) systems to maximhe PV
array output power by tracking continuously the maxn
power point (MPP) which depends on panels temperatnd
on irradiance conditions. The issue of MPPT hasnbee
addressed in different ways in the paper.

E. Duran, M. Sidrach-de-Cardona, J. Galan, and Anddjar
[25] are discussed several topologies of DC-DC eaevs for
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measuring the characteristic curves of photovoltéRy/)
modules is theoretically analyzed. Eight topologié®C-DC
converters with step-down/step-up conversion retatuck-
Boost single inductor, CSC (Canonical SwitchinglCeluk,
SEPIC (Single-Ended Primary Inductance Convertgeta,
Fly back, Boost-Buck-Cascaded, and Buck-Boost-Ghesta
converters) are compared and evaluated

2. WORKING

Working of a PV cell is based on the basic prireigf
photoelectric effect. Photoelectric effect can ledired as a
phenomenon in which an electron gets ejected frbm t
conduction band as a consequence of the absormtion
sunlight of a certain wavelength by the matter @tlietor non-
metallic solids, liquids or gases).So, in a phot@io cell,
when sunlight strikes its surface, some portiontief solar
energy is absorbed in the semiconductor matefialbsorbed
energy is greater than the band gap energy of the
semiconductor, the electron from valence band jutopthe
conduction band. By this, pairs of hole-electroresaeated in
the illuminated region of the semiconductor.

The electrons thus created in the conduction bama@w free
to move. These free electrons are forced to moveain
particular direction by the action of electric fighresent in the
PV cells. These flowing electrons constitutes auri@nd can
be drawn for external use by connecting a metdkepda top
and bottom of PV cell. This current and the voltdgesated
because of its built-in electric fields) produceguired power.

A maximum power point tracker (MPPT) is a high @éfincy
DC to DC converter which functions as an optima&céical
load for a photovoltaic (PV) cell, most commonly o solar
panel or array, and converts the power to a voltageurrent
level which is more suitable to whatever load tlgstem is
designed to drive.

PV cells have a single operating point where tHaesof the
current (I) and Voltage (V) of the cell result inneaximum
power output. Maximum power point trackers utiligeme
type of control circuit or logic and algorithm teasch for this
point and thus to allow the converter circuit torast the
maximum power available from a cell. In short, mhattaic
(PV) arrays are used to provide energy and MPPTused to
correct the variations in the current-voltage chtmastics of
the solar cells. The point on the current-voltalge)(curve of
a solar module under illumination, where the prada€
current and voltage is maximum (Pmax, measuredaitsjv

The points on the | and V scales which describs thirve
point are named Imp (current at maximum power) ¥ntp

Fig. 1 is illustrating the block diagram of MPPTssm with
direct control using cuk converter. In this chapgplain the
mathematical model of PV system with comparativelgtof
MPPT methods.

PV module

Load
L_ R
DC- DC 10 oo
Converter ?
1 v I
Cate
A do D Drive

Ine Comd Almorithmm
amnd
Druiy Cycle Flodifficabion

DSP
Fig.1 Direct control method used in MPPT

2.1PV Cdl

Fig.2 shows the equivalent circuit of the ideal folvoltaic
module. The basic equation for output current afdoie[1] is

v
I=n,L, —n,l. [exp(kn ;) —1] L

Practical PV device

Ideal PV cell

Fig.2 Single-diode model of the theoretical photovolizd
and equivalent circuit of a practical photovoltd&vice
including the series and parallel resistances

Where | is the PV array output current, V is the BMput

I
voltage, Pl s the cell photocurrent that is proportional to
solar irradiation,nf represents the number of PV cells

Connected in series and? represents the number of such
strings connected in parallel.

_ 3
(voltage at maximum power.). For the array to bée ab Iop = [Lser T Ri(T — Trjﬁ 2
delivered the maximum possible amount of powehegithe
operating voltage or current needs to be carefudigtrolled
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I N
=c7 is the cell short-circuit current at reference penature

and radiation,

kf is short circuit current temperature coefficient,
T is the Nominal Temperature i.e 295.15K (25C)

T, .
™ is the cell reference temperature,

w
. . . . . z
S is solar irradiation irf™

Le is the cell reverse saturation current that nyadldpends
on the temperature, K is a constant.

_ r1? gk 1 1
be = 1 [] e (G2 ]2 —3])

I‘P‘f“ is the reverse saturation gr

Eg is the band-gap energy of the semiconductor usetien

cell.

A is the area of photovoltaic cell.

k is Bolttzmann constant i.e. 1.3806503*10-23jdwds/in
g is electron charge i.e. 1.607*10-19c

These techniques vary in many aspects as: sinylicit
convergence speed, digital or analogical implentiEmta
sensors required, cost, range of effectiveness, ianother
aspects [6] [7].

2.2 Characteristics of Pv Cell

The performance characteristics of a photovoltaicdube
depend on its basic materials, Manufacturing teldgyoand
operating conditions.

Three points in these curves are of particularéasie

1. Short circuit point, where the voltage over thedule is
zero and the current is at its Maximum (short étrcurrent
Isc).

2. Maximum power point or MPP, where the product of
current and voltage has its maximum (defined bygximpp).

3. Open circuit point, where the current is zerd #re voltage
has its maximum (open circuit voltage Voc).

o—

(0.1)

MPP

(Vogs, L)

Current fin Amperes) —>

(o)

Voltage (in Volts) —
Fig.3 PVA Characteristics V (X axis) Vs | (Y axis)

The measurements taken for obtaining an I-V cuswd@one by
controlling the load current. At open circuit, wheo load
current is generated, a first characteristic vatan be
measured: the open circuit voltage Voc. Increasheyload
fed by the photovoltaic module leads to a decrgagiltage V
with an increasing current I. In other words, bgraasing the
load current from zero to its maximum value, thesraging
point moves from the open circuit voltage at zeworent to
the short circuit current Isc at zero voltage. Beees of all
measured pairs (V, |) yields the characteristic ¢twve of the
module. From the characteristic curve of the madtis clear
that the open circuit voltage of the photovoltaiodule, the
point of intersection of the curve with the horimnaxis,
varies little with solar radiation changes. It isversely
proportional to temperature, i.e., a rise in terapge
produces a decrease in voltage. Short circuit ntirtke point
of intersection of the curve with the vertical axis directly
proportional to solar radiation and is relativelgagly with
temperature variations. Actually, the photovoltaiodule acts
like a constant current source for most parts ofi- curve

(3]

As demonstrated in Fig.4, Fig.5, an increase iars@diation
causes the output current to increase and thedmailzpart of
the curve moves upward. An increase in cell tentpeza
causes the voltage to move leftward, while decngasi
temperature produces the opposite effect. Thud-theurves
display how a photovoltaic module responds to alsible
loads under different solar radiation and cell terafure
conditions.
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R Shifting of curve with
increment in irradiation
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Fig.4 Voltage Vs Current characteristics of PVA with
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Fig.5 Characteristics of PVA incorporating effect of
Temperature

Photovoltaic modules have a very low conversioitiefficy of
around 15% for the manufactured ones. Besides,talube
temperature, radiation and load variations, thfciehcy can
be highly reduced. In fact, the efficiency of aeyréconductor
device drops steeply with the temperature. In otdegnsure
that the photovoltaic modules always act supplyitng
maximum power as possible and dictated by ambieaitating
conditions, a specific circuit known as Maximum Rowoint
Tracker (MPPT) is employed.

In most common applications, the MPPT is a DC-DC

converter controlled through a strategy that allémposing

the photovoltaic module operation point on the Naxin

Power Point (MPP) or close to it. On the literatungany

studies describing techniques to improve MPP algms were
published [9] [10], permitting more velocity andepision of
tracking. On the other hand, there is no a theorguide the
designer to choose, among the DC-DC converterslyfathie

best one to operate as MPPT, thus, in most cdsedesigners
are tempted to use the simplest DC-DC converte}s[25

2.3 Perturb and Observe MPPT Method

Read V(k)
and I(k) from
panel

P(kV(k)*I(k)

AP=P(k)-P(k-1)

AV=V(k)V(k-1)

D=D+AD D=D-AD D=D-AD D=D+AD

< To switch >

Fig.7 Flowchart of Perturb and Observe (P&O) methods

The Perturb and Observe algorithm[6-8] operate by

periodically perturbing(i.e. incrementing or decrenting)the
array terminal voltage or current and comparingRNeoutput
power with that of the previous perturbation cydfethe PV
array operating voltage changes and power increabes
control system moves the PV array operating painthiat
direction; otherwise the operating point is moved the
opposite direction. In the next perturbation cytble algorithm
continues in the same way.The flow chart of theuReand
Observe algorithm shown in Fig.7.

2.4 Incremental Conductance Algorithm

The purpose of the The Incremental Conductance odfgh

10] offers good performance under rapidly changing
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atmospheric conditions. Fig.8 shows that the slofpthe PV
array power curve is zero at the MPP, increasintherieft of

the MPP and decreasing on the right hand side of Vi M Vi 041
basic equations of this method are as follows[1]

ar _ _ L avpp 4

dv v

Y
dl I
— = 5 |leftofMPP 5 AFIkHHK]
AV=V[k+VK

dl .

— < —— Right of MPP 6

dv v

Where | and V are PV array output current and geta
respectively The left hand side of equations repres Yes
Incremental conductance of PV module and the hightd side
represents the instantaneous conductance. From(3Rgand
(4) it is obvious that when the ratio of changethie output
conductance is equal to the negative output coadaet solar

array will operate at the maximum power point. s

100 -
g dl/dv=-I'V
80
70 A
Left of MPP Right of MPP
B MPP ght o
g0 dI/dV=-I'V dI/dV=-'V

No

50 A
a0 -

30 +

Module output(W)

20 4

10 +

0

0 s e s 20 » D=DtdX D=D-dX D=D-dX D=D+dX

Module voltage(V)

Fig.8 Basic idea of incremental conductance method BrVa
curve of a solar module

In other words, by comparing the conductance atheac 1 ‘:
sampling time, the MPPT will track the maximum poved
the PV module[12] [13]. The flow chart of Incremait v R

. . VIV ]
Conductance method shown in Fig.9.lt makes use of IEk+1)
instantaneous and incremental conductance to dgenema

error signal which is zero at MPP; however it i4 mero at
most of the operating points, but it make the efrom the

Fig.9 Flowchart of Incremental conductance method
MPPs near to zero [3] g

2.5 Comparison

A common problem in Pertub and Observe algorithrng@hat
the array terminal voltage is perturbed every MP&/€le;
therefore when the MPP is reached, the output posaHates
around the maximum, resulting in power loss in P¥
system. This is especially true in constant or Blexarying

Volume: 02 Issue: 09 | Sep-2013, Available @ http://www.ijret.orq 561




IJRET: International Journal of Research in Engineering and Technology el SSN: 2319-1163 | pl SSN: 2321-7308

atmospheric conditions. Furthermore, Perturb ande@ie
method can fail under rapidly changing atmospheric
conditions.

Incremental conductance method [5-8] is more effitithan
Perturb Observe method [5-7] because panel termoltdge
is changed according to its value relative to thaximum
power point voltage. Therefore, this method is petedent on
solar panel characteristics.

Table.1 Overall MPP Tracking Efficiencies

Sky Perturb and observe  Incremental

conditions conductance
Days MPPTeffi | Days of| MPPT
of data | ciency data efficienc

y

clear 20 98.7 17 98.7

Partly 14 96.5 11 97

cloudy

cloudy 9 98.1 11 96.7

Over all 43 97.8 39 97.4

Simulate 99.4

over all 99.3

Incremental conductance method eliminates the prokihat

is seen in Perturb and Observe method. Therefeadljations
that cause power loss are not occurred in Increshent
conductance method. A summary of the MPPT effidesof
two algorithms are shown in Table 1, Table. 2.

To complete our analysis a simple discussion attmutost of

the MPPT technique is presented [2] [3]. A satisfacMPPT
costs comparison can be carried out by knowingabknique
(analogical or digital) adopted in the control deyi the
number of sensors, and the use of additional power
component, considering the other costs (power cowemts,
electronic components, boards, etc...) equal fathalldevices.
To make all the cost comparable between them,
computation cost comparison is formulated taking account
the present spread of MPPT methods. The numbegnsoss
required to implement the MPPT technique also &dfebe
final costs. Most of the time, it is easier and encgliable to
measure voltage than current and the current sense
usually more expensive and bulky. The irradiance or
temperature sensors are very expensive and unegnom

the

Table 2: Comparison of MPPT methods

Specifications Perturb andincremental
Observi Conductanc

Efficiency Medium High About 98%
About 95% | depending on hov
depending on how method is
method is| optimized
optimizec

Complexity Difficult

Realization Easy to implementMore complex
as few measuredhence Micro
parameters controller/DSP

needed
Cost Relatively lower Involves highe
cos

Reliability Not very accurate Accurate and
and difficult to| operates at MPP7
whether operating but response timg
at MPPT or nc dependet

Rapid  changing Unpredictable Good and

atmospheric performance with automatically

conditions(varying| oscillations around adjust module

radiation and MPP, slower| operating voltage

temp) response with no
oscillations

Other Limitations | Difficult to locate Voltage and

MPP

current sensors a
need usually high

expensiv

3. CONVERTER CONFIGURATIONAND

SELECTION

Solar cells are the fundamental power conversioih afna
photovoltaic (PV) system. The basic operation sblar cell is

characterized by

measurement of the |-V curve allows us to know with

its I-V curve. O

nly the experinaént

precision the electrical parameters of a PV celbdute or
array. This measure provides important informatfon the
design, installation and maintenance of photovoltistems.
The experimental measure of the |-V characteristiove can
be performed using step-up/step-down DC-DC conketlite

Continuous Conduction Mode (CCM) [1].

power of DC-DC converters are widely used in phottaic
systems to transform DC power from a voltage leiel

another,

and for

tracking the maximum power

(MPPT).In this chapter, a survey of step-down/sip@>C-DC
converters and their application to obtain I-V cteristic
curves of PV modules is presented
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3.1 Choice of Converter for MPPT

Y /1

+

RESISTIVE
LOAD

Vs

POWER SORCE DC/DC

Fig.10 Converter acting as a Maximum Power Point Tracker

When proposing a maximum power point tracker, thegom
job is to choose and design a high efficient cot@renhich is
supposed to operate as the main part of the MPRE T
choosing of DC-DC converter based on the desireipudu
voltage from the MPPT in term to ensure the PV nieadill
operate at the maximum point.

3.2 CUK CONVERTER

The load voltage of converter can be obtainedrimseof load
current by the relation

Vlnad = Ilc\adenad
7

Where \f.qis the load voltage,okqis the load current and
Riadq IS the load resistance. We shall assume the operatt a
cuk converter

vlnad = L‘I;_.’

1—p  module
8

The average input power to the DC-DC converter Isqthee
average output power thereby, we get a relation

1-D

Ilnad = D Imc\dule
9
Combining the above two equations, we write
v (1-D)*
module Rlc\ad
Imodule D
10

D here represents the voltage conversion ratiohef duk
converter. So, when seen from the source sidegtfieetive

1-py 2
( D ) Rlc\ad

resistance will be . This is a function of D,
which we can control to fix the operating point nte MPP.
We have to note that the range of D is zero to dhe. MPP
can be found in any position on |-V curve, depegdon
temperature and radiation levels, the natural DC-DC
converters to be applied as MPP Trackers are BudsB
Cuk, because they have no non-operational regi&BLE.3
summarizes the equations for DC-DC Buck, Boost, ,Cuk
converters. Comparative study on different schenoés
switching converters is presented in the chapter.

DC-DC RE(D’Rlnad: 6
converter

Range
Cuk 1- Dy 0% <8 <90
converter (T] Ricad

1

Buck Bjoad 0t <@ < tarl_l( ]
converter D2 Riad
Boost 2 -1( ! ]-:: 8 = 90°
converter (1 — D)*Rygaq | tan Rioaa’

The need of converter in the MPPT system is to mepd the
varied input of DC voltage. In term of maximized: thutput
voltage by step up or step down the input voltage ¢uk
converter is ideally to be choose in the MPPT desig
compared to the Buck converter, Boost converteabse cuk
converter has low switching losses and highestcieffcy
among non-isolated DC-DC converters [26-30]. ltoatan
provide a better input and output current char&tterdue to
the inductor on the both input and output stage Maximum
power point of 12V commercial PV module is abovéelow
that voltage for most combinations of insolationdan
temperature. So buck and boost converter can @petathe
MPP undermost step up and step down the voltagediuat
all condition. While for the cuk converter outpultage must
be above or below the input voltage so that's wbyk
converter will always be able to operate at theepaMPP. In
term of simplicity a buck converter with a MOSFEWitsh
still requires an additional diode or MOSFET's todk the
reverse current flow when the panel voltage droglsve the
battery voltage, as an advantages of cuk convederally it
has this devices as part of its structure, whiémishtes an
additional source of voltage drop and power lossbdost
converter has been employed in this applicatioregulate the
power output to the load. It consists of an inducto logic
level, Power MOSFET switch, a ordinary diode and
capacitors. Fig. 11 shows a typical connection ofuk
converter. The basic converter containing at leasd
semiconductors switches (a diode and a transistelers
made of capacitors (sometimes in combination wittuctors)
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are normally added to the output of the convertereduce
output voltage ripple.

3.3 Operation of Cuk Converter

Figs.12a and 12b depicts cuk converter and its atiper
modes which used as the power stage interface batw&/
module and the load. Cuk converter has two modes of
operation. First mode of operation is when the@wis closed
(ON) and it is conducting as a short circuit. Instimode,
capacitor releases energy to the output. The emsafor the
switch conduction mode are as follows

L. i c i. L
L I N
+ + V- + VL2 * +
\VA \4 C.— V., R.
—>
I,
Fig.11 Cuk converter
i1 [
I s
+over — + w2 -

W1
+

RE| {
i1
c
+ower
T (a3 r‘\

—‘7 i ) F‘\ )
(a)

i2

+ w2 - ic2

;
.
W1 C2°7 wa

(b)

Fig.12 Cuk converter with (a) switch ON and (b) switch OFF

v =1 11

Vg =~ — 1 12

ie1 =i 13
. g

erT TR 14

On the second operating mode when the switch ia ¢PEF),
diode is forward biased and conducting energy &dhtput.
Capacitor C1 is charging from input. Equationstfis mode
of operation are:

v =l vy 15

Vpg = — T4 16

feg =iy 17
.

wrT TR 18

The principles of cuk converter operating condiigtate that
the average values of the periodic inductor voltayel

capacitor current waveforms are zero, when the exer
operates in steady state. Some analysis of culkectan

specifications is provided in [25]. The power citcaf the

proposed system consists of a Cuk converter anel djate,

the control of the switching is done using the omintircuit.

The control tasks involve measuring analog voltagel

current of the PV module using current and voltagesors,
convert them to digital using ADC, process the iad
information in a microcontroller and then compace the
predefined values to determine the next step, tekerPWM
to the gate drive and hence control the switchihgGBTS.

The control loop frequently happens with respectthe

sampling time and the main program continues toktithe
MPPs.

The cuk converters provide the opportunity to haider
higher or lower output voltage compare with inpuattage.
Although buck and boost configuration is cheapemtiouk,
some disadvantages such as discontinuous inpwntutrigh
peak currents in power components and poor transien
response makes it less efficient. On the other hauk
converter has low switching losses and highestcieffcy
among non-isolated DC-DC converters [26]. It alsanc
provide a better input and output current char&tterdue to
the inductor on the both input and output stage.

4. SSIMULATION RESULTS

MPPT o )

Duty ratio

Fig.13 Simulink model of Incremental Conductance MPPT
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Fig.14 Change in Duty ratio with irradiation
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Fig. 17 PV module output Power changing with Temperature
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Fig. 18 PV module output Voltage
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Fig. 19 Change in Duty ratio with Temperature

CONCLUSIONS

From the observations made above, we conclude ttreat
system developed is capable of extracting maximuawep
from the photovoltaic module at the same time mling a
regulated DC supply. The proposed PV system and M3
simulated. The Incremental Conductance method isemo
efficient compare to all MPPT methods because panelinal
voltage is changed according to its value relativéhe MPP
voltage. The Incremental Conductance method is more
efficient than Perturb and Observe method becauselp
terminal voltage is changed according to its vakilative to

the MPP voltage. The Incremental Conductance mediffeds
good performance under rapidly changing atmospheric
conditions. On the other hand; cuk converter hasswitching
losses and highest efficiency among non-isolated-0OQC
converters. It also provides a better input ancwuturrent
characteristic due to the inductor on both inpud autput
stage. Thus cuk converter configuration is a prapeice to

be employed in designing the MPPT.
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