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Evaluation of maximum power point tracking methods
for photovoltaic systems

ABDELAZIZ TALHA, HOURIA BOUMAARAF and OMAR BOUHALI

The output characteristics of photovoltaic (PV) arraysramlinear and change with the
solar irradiance and the cell's temperature. Thereforeaxmum power point tracking (MPPT)
technique is needed to draw peak power from the solar arnaatamize the produced energy.
Among the hill climbing methods, the perturb and observe@p&ethod tracks the maximum
power point (MPP) by repeatedly increasing or decreasie@tiput voltage at the MPP of the
PV module. The implementation of the method is relativetye, but it cannot track the MPP
when the irradiance varies quickly with time. In additiammiay cause system oscillation around
the peak power points due to the effect of measurement nbieeincremental conductance
(IncCond) method is also often used in PV systems. This nidtlacks the MPPs by comparing
the incremental and instantaneous conductances of thessodg. This method requires longer
conversion time, and a large amount of power loss resul@ddiition, extra hardware circuitry
is required to implement the system. In this paper, it is shthat the negative effects associated
with such a drawback can be greatly reduced if the inteltigeethod is used to improve P&O
and IncCond algorithms. The perturbation step is contislyoapproximated by using fuzzy
logic controller (FLC). By the digital simulation, the vdity of the proposed control algorithm
is proved.

Key words: maximum power point tracking, PV, P&O, incremental condace, fuzzy
logic, converter

1. Introduction

As the conventional energy sources are rapidly depletimg,irhportance of solar
photovoltaic (PV) energy has been emerging as replaceablgeresources to human
being. Since it is clean, pollution-free, and inexhaustilvtesearches on the PV power
generation system have received much attention, pantiguéa many terrestrial appli-
cations. Furthermore, due to the continuing decrease imrRYscost and the increase in
their efficiency, PV power generation system could be oneofgarable candidates as
energy sources for mankind in the near future. As is well kmaéve output power of PV
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cell is changed by environmental factors, such as irradiamc temperature [1]. Since
the characteristic curve of the solar cell exhibits a nadimvoltage-current characteris-
tic, a controller named maximum power point tracker (MPRTieiquired to match the
solar cell power to the environmental changes. Many algost have been developed
and implemented for tracking maximum power point of the isoél [2][3]. The meth-
ods differ with respect to complexity, sensors requirechveagence speed, cost, range
of effectiveness, implementation hardware, popularity] an other aspects. In this pa-
per, we study three methods of search for MPP: P&O, IncComtdfarey logic. The
perturbation and observation is one of the most commonlyg ¥@PT methods for its
simplicity and easiness of implementation [2][4]. The P&Orks well when the irradi-
ance change slowly but it presents drawbacks such as slponmes speed, oscillation
around the MPP in steady state, and even tracking in wrongwvdgr rapidly changing
atmospheric conditions [2][5]. For the second algorithmohtis the IncCond we calcu-
late the derivative of the exit power of the panel. This deiixe vanishes at the point of
maximum power, and becomes positive on the left and negativtbe right side of the
MPP point. This algorithm has the same problem that P&O. Aeniral method based
in fuzzy logic is proposed to solve this problem.

2. Description of the photovoltaic generator

Electrical equivalent circuit of the solar cell is shown iigFL. It is composed of a
light-generated current source, two diodes, series aggist and parallel resistance.

R, 1
1, dl ]dg [S/z
I, ph <T> Rsh 14 RLoad

Figure 1. Equivalent electrical circuit for the PV cell.

Characteristic equation for the current and voltage of arsml| is given by [6]:

=t fexp( A7 ) 1) g [exp( AT ) 1] TR

wherel is the solar-cell output current (AY, is the solar cell output voltage (V)pn

is the light generated current (Al andlg are the first and the second diode reverse
saturation current respectively (A),is the electronic charge (equal t61101°C, ny
andn, are dimensionless deviation factor of the first and the sttclimde respectively,

k is Boltzmann’s constaritl.3807- 10-22 JK~1), T is the cell temperature (KR;s is the
series resistanc&j, andRg is the shunt resistanc&]. The equivalent circuit for the
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solar cells arranged inp-parallel andhs-series is shown in Fig. 2 and the mathematical
equation relating the array current to the array voltageives [7] as follows:

d(Ve +Rdlg)
lc = nplph—nNpls [eXp<nsn71k1$' -1 o
3 dVe+Rde)\ .| Ve+Rds
where E
_K.T3 ]
lg =KiT exp< kT), ®)
o = Ko T2 exp( — 22 )
kT

and:K; = 1.2A/cmPK3, K, = 2.9A/cnPK5/2, Ey is gap energyEy = 1.12eV), n, rep-
resents the number of parallel modules. Note that each magl@omposed afis cells
connected in seriesyln corresponds to the short-circuit current of the solar array

Placing the solar cells in series allows for heighteninghefvoltage, while placing
the solar cells in parallel enables to reach what is needezhésging operation. Mixed
this grouping would deliver a currengl under the voltagesV (I, V are the current and
the voltage of the solar cell).
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Figure 2. Equivalent electrical circuit for the PV panel.

3. Influence of meteorological parameters on the photovolia generator
operating

The PV array characteristic presents three important elesnthe short circuit cur-
rentlsc, the open circuit voltag®,. and the optimum powel,, delivered by the PV
array to an optimum loaR,, when the PV modules operate at their MPP. Figures 3 and
4 present the current-voltage-{V) and power-voltageR — V) characteristics of the PV
module for different values of solar radiation and tempeat

The short circuit current is clearly proportional to thessaladiation (Fig. 3): more
radiation, more current, and also more maximum output po@erthe other hand, the
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Figure 3. The effect of the irradiation on PV generator.
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Figure 4. The effect of the cell temperature on PV generator.

temperature dependence is reversed (Fig. 4): an increasmperature causes a reduc-
tion of the open-circuit voltage (when sufficiently high)damence also of the maximum
output power. These opposite effects of the variations lafr sadiation and temperature
on the maximum output power make them important if efficienfictyacking the MPP is
concerned. The power curves in Fig. 3 and 4 show that the aptipower point corre-
sponds to a load connected with the PV array that varies Wétambient conditions of
illumination and temperature. In practice variable optitnad will be achieved through
the use of a variable duty cycle of the control part of the MBriverter, which controls
directly the operating voltage which in turns corresporadithis optimal load.

4. MPPT converter

Figure 5 shows the MPPT buck-boost converter diagram. Theetter is composed
of a power part and a control part.

The switchS of the buck-boost converter is a MOSFET transistor with ailnernal
resistanceR,,. The MOSFET is controlled by a PWM signal generation cir¢hdt
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Figure 5. MPPT buck-boost converter.
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uses a micro-controllefT is the period of the control signal arédis the duty cycle.
The switchSis closed for the tim&T and opened for the timgl — &) T during each
period [6][8]. In searching for the MPP and tracking thismgdn order to minimize the
spread between the operating power and the optimal powéreirtent of change of
the meteorological conditions, the control circuit of theek-boost converter artificially
perturbs periodically the operating point of the PV modiilee resulting output voltage
and current of the PV modules are then used by the contralittincrease or decrease
the duty cycle of the buck-boost converter in order to chahgeoperating point of the
PV array. If the power is thereby increased, then the nextigeation will be in the same
direction, otherwise the next perturbation will be in thgpogite direction. The operation
of the buck-boost converter is characterized as follows [9]

When the transistaBis closed, the current in the inductaricgrows fromlp, to Iy
and the voltage across the inductance is given by:

diy,  Iy—Im
Vi =V i =L— = L. 5
LT M ton ©)

When the transistor is opened, the voltage is:

di.  Iy—1Im
Vi =Vo=L— = L. 6
L o] dt toff ( )

From equations (5) and (6) we get:

(Im —Im) L = Viton = Votof - )
The average output voltages are determined by the folloefuation:
Vo 1 -d

Vi Rig_ 71—
i1+ (l—D)02V0 1-o

M(3) = (®)

whereV, andV; are the output and input voltage of the converter nslthe perturbation
step size of the switcB.
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5. Different algorithms MPPT

As is well known, the MPP of PV power generation system depamarray tem-
perature and solar irradiation, so it is necessary to cotigtelack MPP of solar array.
For years, research has focused on various MPP controlithigsr to draw the maxi-
mum power of the solar array. In this section, the effectasnof three different control
algorithm are thoroughly investigated via numerical siatioh.

5.1. Perturbation and observation algorithm

Perturbation and observation method has been often usadd®it is easy to imple-
ment. P&O algorithm forces the PV system to approach to theémman power point by
increasing or decreasing the PV panel output voltage [I0&dBpt the PV panel voltage
a DC/DC converter is inserted between the solar panel anddale The variation of the
PV panel voltage is achieved by varying the converter dutjecy

As its name indicates, P&O method performs disturbanc¥g.and the observation
of its impact on the change of the exit power of panel stateérfiel] [12]. Figure 6
presents the control flow chart of the P&O algorithm.

Measure V(k-1) and /{k-1)

|
P(k)= I(k)xV (k)
AP = P(k)-P(k—-1)

No

No

Vk)>V(k-1) V(k)>v(k-1)

Yes

h 4

S(k+1)=8(k)-D S(k+1)=6(k)-D

h h 4

(k+1)=8(k)+D d(k+1)=6(k)+ D

Figure 6. Flowchart of the P&O algorithm .
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In order to find the direction change for maximizing poweg #&0O method per-
turbs the operating voltage of the PV panel. If the power of exreases compared
to the previous measurement, the disturbance of the outgtsige (Vpy) is continued
in the same direction that was taken with the last cycle.dfggbwer of exit decreased
compared to the previous measuremdht; is disturbed in the opposite direction then
in the last iterationVpy is thus disturbed with each cycle of MPPT. When the point of
maximum power is reachedlpy, oscillates around optimal valigp.

Duty cycle perturbation at timé + 1) can be determined on the basis of the follow-
ing relationship [11]:

o(t+1)=95(t)+(2-Sign—1)D ©)]

where Sign is given by:
Sigh=([P(t)—-P(t—-21)]>0) @ ([V()-V(t—1)] >0), (20)

P(t) andV (t) are, respectively, power and voltage drawn from the PV panel
Figure 7 shows the effect of the perturbation step §izef the converter on the
evolution of the operating point of the photovoltaic getera
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Figure 7. Perturbation step-size effects on the perforemo€the P&O algorithm.

Amplitude of the command oscillation depends directly anplrturbation step size
constant of the converter. The oscillation around the MRFbeaminimized by reducing
the perturbation step siZze. However, dynamic performance is hampered by smaller
perturbation step size. This trade off requires carefuhiginf the duty cycle perturbation
step size.

5.2. Incremental conductance algorithm

The incremental conductance method is based on the facthihaiope of the PV
array power curve is zero at the MPP, positive on the left efMPP, and negative on
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the right, as given in [12]:

A+ =0 atPPM

Al |

av tv >0 leftof PPM (11)
A+ 3 <0 rightof PPM

Because of the noise, measurement’s faults and the quatitific the condition
(A1/AV) + (1/V) = 0 is seldom satisfied, therefore in steady state, the sysseif o
late around the MPP. To overcome this drawback we introdueseparameteg, as:

Al
AV + v ‘ € (12)
The value of the parameteris to be chosen carefully for improved performance of the
MPPT system.

The incremental conductance algorithm is shown in form efftbwchart in Fig. 8

[12].

Vik-1) , I(k-1)
V(k), I(k)

§(k+1)=38k)+ D (k+1)=258@(k)+r D

§(k+1)=6(k)-D slk+1)=8(k)-D

v + I v 1

Figure 8. Flowchart of the incremental conductance allgorit

Figure 9 shows the effect of the abruptly change in metroligbarameters on the
evolution of the operating point of the photovoltaic getera

It is noticed that if the solar irradiation increases abigyphcremental conductance
algorithm loses the point of maximum power. The point of aien deviates on the left
or on the right side of its optimal value. When the value ofithediation is stabilized,
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Figure 9. Incremental conductance operating point path.

the algorithm takes again control and the point of operatimmverges quickly towards
its optimal position.

5.3. Fuzzy logic controller algorithm

Fuzzy logic controllers have the advantages of working withrecise inputs, not
needing an accurate mathematical model, and handling neamity [2]. Fuzzy logic
control generally consists of three stages: fuzzificatiaie base table lookup, and de-
fuzzification. The inputs of the fuzzy logic controllers @ errorE and an error varia-
tion CE, the output is a duty cycle or its variation. The user can lfligxthoose the way
of computingé andCE [12][13].

E (k) = G v 1
CE(K) =E (k) —E (k—1).

V\_/

(13)

During fuzzification, numerical input variables are comedrinto linguistic variables
based on a membership function as shown in Fig. 10. In this, éie fuzzy levels are
used: NB (Negative Big), NS (Negative Small), ZE (Zero), Pa4gjtive Small), and
PB (Positive Big). The membership function is sometimesposed asymmetrically to
provide different importance to specific fuzzy levels [145].

The kernel of fuzzy logic controller is the fuzzy inferengestem. Fuzzy inference
is the process of formulating the mapping from a given inpuhe output using fuzzy
logic. The mapping then provides a basis from which decssicem be made (see Fig.
11). The proposed Mamdani-type inference system endeavodorce the error func-
tion to zero. Two cases are to consider:
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Figure 10. Membership function.

e First case E is positive; working point is on the left side of the MPP. Iétbhange
of errorCE is positive, then the working point converges toward the MPEE
is negative, then reverse action occurs.
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Group 4

Figure 11. Inference matrix.

e Second caseE is negative; working point is, therefore, on the right sidehe
MPP. In this case iCE is positive, working point moves away of the MPP and
vice versa ifCE is negative.

Finally, in the defuzzification stage, the fuzzy logic cafigr output is converted from
a linguistic variable to a numerical variable. This prowden analog signal that will
control the power converter to the MPP.

6. Simulation results

Three studied MPPT algorithms are compared in terms of imgckapability at
steady state (Fig. 12) and variable environmental conditig-ig. 13, 14, 15 and 16).
At standard conditionsg = 1000W/nt andT = 25°C).

120

100

Fuzzy Logic
P&O
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80 A AR A A A AR A A AR A AL A A

g 60

40 IO R T e e e v v r e r e e e

20

0,

Figure 12. Comparing controllers performances in a stalsdatmospherics conditions.

It is noticed that the undulations of P&O around PPM are muekatgr than in the
case of incremental conductance algorithm and fuzzy o last one follows the
PPM very well and thus it remains the best method among tlee gorithms studied.
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Under a constant temperature, we increased the irradiagteeebn 600W/rh and
1000W/n? during 20s, and after 10s of stabilization we decreasedihdiance with the
same value during 20s as well. This experiment showed affeatadiance variation.

We studied also the effect of temperature variation on tleéugéion of the operating
point of the photovoltaic panel. For a standard irradiafie1Q00W/nt), we increased
the temperature between®5and 78C during 30s, and after 20s of stabilization we
decreased the temperature with the same value during arfibe

Figures 13, 14, 15 and 16 show the transient responses oattiet power obtained
from the three MPP controllers.

Fuzy Logic
o

INC

sl [ Jg:ﬂ’” Vb —

el w

Figure 13. Comparison of powers under variable atmospkeriditions, T=25°C.

25 T

Fuzzy Logi
P&0
INC

&

Figure 14. Comparison of voltages under variable atmosphenditions, T=25°C.

It can be observed that the FLC reaches MPP faster compaiteel dther controllers.
Steady state behavior of the PV system using FLC is moreesthbh the other MPPT
methods. Power’s waste is here considerably reduced.
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Figure 15. Comparison of powers under variable atmospleeriditions,E=1000W/n?.
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Figure 16. Comparison of voltages under variable atmosphbenditions,E=1000W/n?.

7. Conclusion

In this paper we studied three topologies of MPPT, each otteitgiadvantages and
disadvantages. The choice depends on the applicationshfohwhey are intended.

Perturb and observe and incremental inductance consaler very simple to im-
plement and can be carried out easily. Drawbacks of theseithliopns occur at steady
state where the system’s operating point oscillates ardadPP giving rise loss of
available power. Choosing of the perturbation step sizeery eritical. The step size
determines how fast the MPP can be reached, fast trackingecachieved with bigger
step size, but the oscillations around the MPP occur. Thletadeoff between the dy-
namic and steady performance. The simulation results shatthe use of fuzzy logic
controller can improve the efficiency of the overall systeynnlinimizing the energy
losses when the change of irradiation is frequent when coenpdh the P&O and InC
methods.
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