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Abstract: In this study, Maximum Power Point Tracking (MPPT) methods are investigated and an analysis of
the main MPPT methods is performed. Incremental Conductance, Perturb& Observe, Open-Circuit Voltage,
Short-Circuit Current, Fuzzy Logic Controller, which take part in the literature as one of the most commonly used
MPPT methods, and hybrid methods based on MPPT methods are investigated. The advantages and
disadvantages of the investigated methods are provided. A PV string is modeled with Matlab/Simulink modeling
program. The MPPT methods are tested with the modeled PV string and their system performances are compared
under the same conditions. Simulation results are given in graphs.
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I. Introduction

Solar energy, which is considered as one of the most reliable and promising sources among the renewable
energy sources, has gained much popularity these days due to its advantages such as being clean, eco-friendly, no
fuel cost, demanding low maintenance and repair, quiet operation, high durability, zero input energy cost and
containing nonconsumable input energy source [1-3].

Energy production is performed by PV cells in a PV system. In order to establish a PV system with the
desired output power, PV cells are connected serially-parallelly to form a PV module, PV modules are connected
in series to form a PV string and PV strings are connected in parallel to form a PV array. The structure composed
of PV cells of any size used in solar energy production can be called as PV generator. In order to achieve maximum
efficiency in PV systems, the system must be operated at the maximum power point (MPP) on the output
characteristic curve (V-I and V-P curves). However, that point is found through calculations as characteristic
curves of the PV systems are non-linear. MPP is not stable and varies depending on the changes in environmental
conditions. In order to determine that point correctly and quickly, various maximum power tracking methods
(MPPT) have been developed. The MPPT is implemented in PV systems by controlling the output voltage of the
PV generator with a DC-DC converter circuit connected in series to the generator output. There are many types
of DC-DC converters used for this purpose. Generally, the boost DC-DC converter is preferred because of its high
efficiency, high voltage gain and simple structure [31].

There are many MPPT methods in the literature [3-8]. It has been observed that these methods, which
are many in number, are classified in different terms. The various classifications identified in the review studies
on MPPT methods are given. In the study given in the reference [3, 25], selected methods are classified as
conventional and soft computing. In another study [8,24], MPPT methods are classified as offline, online, and
hybrid methods. In another study [40], MPPT methods are found to be divided into five groups, methods based
on constant parameters, methods based on measurement and comparison, methods based on trial and error,
methods based on mathematical calculation and methods based on intelligent prediction.

In the second section of this study, PV systems and the dependence of a PV string on environmental
conditions have been examined. In the third section, MPPT methods which are most frequently discussed in the
literature and widely used in practice, have been examined in detail. These methods are Perturb and Observe,
Incremental Conductance, Fuzzy Logic Controller, Open-Circuit Voltage and Short-Circuit Current methods. In
the fourth section, a PV string, the boost DC-DC converter circuit, a system which has resistive load at the
converter output have been modeled through Matlab/Simulink to test the MPPT methods. The MPPT methods
have been compared under the same environmental conditions through the modeled test system. The results have
been given in graphs. In the fifth section, the results obtained from this study have been evaluated.

II. PV System
PV systems convert direct sunrays into electrical energy. Electrical energy is produced at the cellular
level in PV systems. PV module is formed by connecting the PV cells in series-parallel. In order to increase the
output current in a PV module, the cells are connected in parallel while increasing output voltage requires to
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connect the cells in series [20]. In addition, the system formed by connecting PV modules in series is called PV
string and the system formed by connecting PV strings in parallel are called PV array [3-6].

There are many methods developed in the literature to analyze the output characteristic of the PV system
properly. These methods generally emerge as analytical equations that are used to generate the equivalent circuit
of a solar cell [9-19]. It is preferred to use an equivalent circuit to analyze the performance of the PV system. The
most preferred equivalent circuit model for modeling a solar cell is single-diode model due to the balance between
accuracy and simplicity [3,20,21]. The single diode solar cell equivalent circuit model is given in Fig.1.

Single diode equivalent circuit equations:
I = Iph - Id - Ip
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V= %T Fig.1 Single diode PV cell equivalent circuit model.
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The given formulas are represented by their meanings as: I,,:Photon current;ly, Vp:Diode current and
voltage;V;:Diode thermal voltage;R,:Shunt resistance;Rg:Series resistance;l,:Leakage current (current flowing
through the shunt resistance ); I:Output current of the PV cell (A); V:Output voltage of the PV cell (V); G:Solar
irradiation (W/m?); T:Operating cell temperature (K);K;:Short circuit current temperature coefficient;l;:Diode
saturation current (A); q: Electron charge (1.6*10'°Coulomb); k:Boltzmann constant (1.38%10%J/K);E4:Band
gap energy of the semiconductor (1.1eV); A:Diode ideality factor; the "o" sub-index: represents the value of the
variable under the Standard Test Conditions (STC, 25 °C and 1000 W/m?).The datasheet information of the PV
module is given in Standard Test Conditions. In this study, a PV string have been modeled through
Matlab/Simulink by connecting three DS-100M PV modules in series to analyze the output characteristics of the
PV system and to test the MPPT methods. The referenced DS-100M PV module's nominal power rating is 100W,
MPP voltage is 18V, MPP current is 5.55A, open circuit voltage rating is 21.6V, short circuit voltage rating is
6.11A, serial cell number (Ns) is 36, maximum system voltage is 1000V, short circuit voltage temperature
coefficient (K;) is 0.002and operating range is between -40°C to 80°C[22]. The output characteristic of the PV
system varies depending on environmental conditions such as solar irradiation (G) and temperature (T). The effect
of solar irradiation and ambient temperature on the output characteristic of the PV string is given in Fig.2. Another
environmental condition that affects the output character of the PV string is that the modules in the string receive
different solar radiation. This is called partial shading of the PV string. When the PV string is partially shaded,
the output characteristic is like Fig.3.
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Fig.2 The effect of the changing of the solar irradiation and ambient temperature on V-1 and V-P curves of the
PV string; a) V-I curve with changing solar irradiation, b) V-P curve with changing solar irradiation, ¢) V-I curve
with changing ambient temperature and d) V-P curve with changing ambient temperature.
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Fig.3 Effects of various partial shadings on V-I and V-P curves; a) Radiation densities of the modules 1, 2 and 3
are respectively 400, 700 and 1000 W/m?, b) Radiation densities of the modules 1, 2 and 3 are respectively
1000, 700 and 500 W/m?, c) Radiation densities of the modules 1, 2 and 3 are respectively 1000, 1000 and 500
W/m?.

It can be seen in the Fig.2 and Fig.3 that the output characteristic of PV string is nonlinear, and it changes
in accordance with the environmental conditions. In order to benefit from the string with the highest efficiency, it
should be operated at the voltage (V) and current (I) values, which gives the highest power (P) value at the output.
These values of the voltage and current of the string are called as the maximum power point voltage (Vmpp) and
the maximum power point current (Impp). MPPT methods have been developed to track continuously these Vmpp
and Impp points, which are not fixed and and also not linearly change. MPPT methods are given in the following
section.

III. MPPT Methods

Perturb and Observe, Incremental Conductance and Fuzzy Logic Controller are the most widely used
MPPT methods in the literature. Since the desired efficiency cannot be achieved by only using the MPPT methods,
hybrids methods have been adopted. Calculations are usually conducted in two steps, which include several
methods, in hybrid methods. In the first step of the hybrid methods, it is aimed to find the approximate Maximum
Power Point (MPP) in the fastest way, and in the second step it is aimed to find the MPP exactly and track it
continuously. The first step most commonly used in hybrid methods is the short-circuit current method and/or the
open-circuit voltage method, while in the second step, the Perturb and Observe, Incremental Conductance and
Fuzzy Logic Controller methods are generally preferred [4,23-30].

IIL.I Perturb And Observe Method (P&O)

In this method, the power value is calculated by measuring the operating point voltage and current at the
output of the PV generator. The power value is recalculated by changing the reference voltage (or current) value
of the boost DC-DC converter, which is at the output of the PV generator. The calculated power values are
compared and the value of the reference voltage (or current) is changed in the same direction or vice versa
according to the comparison. In this way, the output power of the PV generator is tried to be increased
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continuously. The flowchart of this method is as shown in Fig.4. Perturb and Observe method is an iterative
method. Its ease of implementation, cost-effectiveness and operating independently from the parameters of PV
generator are its major advantages. The disadvantage of this method is that it does not exactly find the MPP and
oscillates around the MPP. This causes the maximum power not to be fully utilized. Also, this method is slow
because of the fact that it has steady-step. If the step size is selected in large, the dynamic response of the method
improves but the amplitude of the oscillations increases. When it is selected in small size, the amplitude of the
oscillations decreases, but the dynamic response slows down particularly under rapidly changing environmental

conditions and load condition [3,8,24,31].

Measurement Vpv and lpv
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Fig.4 Flowchart of the perturb and observe method.

IILII Incremental Conductance Method
In this method, the derivative of the generator is used according to the voltage value of the power value
at the output of the PV generator. As can be seen in Fig.2(b), the value of this derivative is 0 in MPP, positive in

the left of MPP, and negative in the right of MPP. The instantaneous conductance (é)of the PV generator is

. Al . . . . .
compared to incremental conductance (E) through the Equation 5 obtained from that information. Accordingly,

the MPP is sought by increasing or decreasing the reference voltage value. The flowchart of this method is as
shown in Fig.5.

BV, N

dviz = Ipy + Vpy * dV}}:Z )

Ziiz = Ipy + Vpy * % =0 at MPP,

Ziiv =1Ipy + Vpy * Zs};z > 0 left of MPP

ZZV = lpy + Vpy * Zi: < 0 right of MPP @
If Equation 4 is rearranged;

j—é = —é at MPP, the reference voltage value is not modified

Al T ..
v > — v left of MPP, the reference voltage value is increased

% < - é 0 right of MPP, the reference voltage value is reduced 5)

The performance of the incremental conductance (INC) method is better than the perturb and observe
method under rapidly changing atmospheric conditions. Unless there is a change in environmental conditions, it
remains stable at MPP. However, when there is a change in the generator current, the incremental conductance
starts to search the MPP again [32,33]. The balance between the MPPT response rate and steady-state accuracy at
P&O, which depends on the step size, is also valid for this method. The primary shortcoming of this is that it
cannot track MPP under partial shading conditions.
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Fig.5 Flowchart of the incremental conductance method.

IILIII Fuzzy Logic Controller
The fuzzy logic controller (FLC) is designed in accordance with the flexible determination of the
variables and rules at the modeling stage. Nowadays, the controller has many application areas [34]. The fuzzy
logic controller is also widely used in tracking the MPP of the PV generator and the block diagram is as shown in
Fig.6. Generally, the inputs of the controller are the error and change in the error given in the Eq. 6 and Eq. 7,
respectively. The output can be AV, Al D (duty cycle), AD, Vi, OF L.

Knowledge Based
Rule Based
E(n)
Input Fuzzification Rule —p»{ Defuzzification —Output
> Inferences
AE(n)
Fig.6 Block diagram of the fuzzy logic controller.
_ P(M)-P(n-1)
E(m) = V(n)-v(k-1) (6)
AE=EMn)—EMn-1) (7

The main advantages of this controller are the ability to solve nonlinearities, independency of a
mathematical model of the PV system, and rapid convergence to the MPP. It is a disadvantage of the controller
that the accuracy of the controller output depends largely on rules and membership functions. Because an expert
view and experience is required to determine these. Another disadvantage is that the method is likely to stick to a
local peak, since E(k)=0 for all peaks under partial shading conditions [3,24,25,35,39].

IILIV Open Circuit Voltage and Short Circuit Current Methods

In the PV generator, an approximate linear relationship can be established between MPP current and
short-circuit current (/) values and between MPP voltage and open-circuit voltage (V,.)values. In these methods,
MPP of the PV generator is searched by using this approximate linear relationship. In practice, open circuit voltage
value or short circuit current value is measured through the PV generator. The measured value is multiplied by
the constant k to determine the approximate location of the MPP. The open circuit voltage method is as shown in
Equation 8 and the short circuit current method is as expressed in Equation 9. These two equations are valid in
any environmental condition except for the partial shading condition.
Vmpp ~ k* Vo, ®
lmpp ~ k Isc (9)
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The main advantages are that they are a practical method for MPPT, that sensor requirements are low,
their speed is very high, and that they do not require any derivation. The disadvantages are that the difficulty in
obtaining the constant k, that it is necessary to shade the load periodically to measure the open-circuit voltage
value or the short-circuit current value, and that MPP cannot be found, if the PV generator is partially shaded
[3,8,24,25]. As they converge the MPP rapidly, they are used as the first step in most of the hybrid methods
[4,26,30,23].

IIL.V Hybrid MPPT Methods

The above-mentioned 5 methods are the most used MPPT methods. However, efficiency of these
methods is not very high and none of them can determine the accurate MPP location when the PV generator is
partially shaded. Hybrid methods have been developed to increase the efficiency of these methods and to
determine the location of MPP in cases where the PV generator is partially shaded.

Calculations are usually conducted in two steps, which include several methods, in hybrid methods. In
the first step, it is aimed to find the approximate Maximum Power Point (MPP) in the fastest way, and in the
second step it is aimed to find the MPP exactly and track it continuously [24]. Some hybrid methods used in the
literature are given below. In the study given in reference [26], the open-circuit voltage method is used in the first
step and the perturb and observe method is used in the second step. In the first step of the study, the open-circuit
voltage value of the generator was calculated by Equation 10, which was obtained by using the solar irradiation
(G), temperature (T) and data sheet information without open-circuiting the PV generator. The operating point
voltage of the generator was moved to VV = k * I/, .point. In the second step, the adaptive step sized P&O method
was used, which is determined by Equation 11. When solar irradiation and temperature change, MPP can be
tracked accurately through this method. However, when the generator is partially shaded, the open-circuit voltage
value of the generator does not change, as can be seen in Fig.3. So, the method will not find the MPP. In Equation
11, N is a constant parameter, and C(n) is the step size in n. sample.

V,. = AVyIn (’f—’l) (10)
C(n) = Nlog |j—§ (11)

The P&O method was used in the hybrid MPPT studies presented in references [27] and [28]at different
step sizes in both steps. The P&O method used in the first step has a large step size to get closer to the MPP, and
the P&O used in the second step has a small step size to minimize the steady-state errors. The step to be selected
was determined by a Fuzzy Logic Controller (FLC). In another study given in reference [29], P&O and FLC were
used as hybrids. In this study, step size of P&O was determined by a FLC and a hybrid structure was established.
In both hybrid methods, the dynamic response is fast and there are few steady-state errors. In these methods, they
will be stuck to a local peak in case of partial shading.

In a hybrid MPPT study given in reference [30], a different open-circuit voltage method was used in the
first step, and in the second step, an automatic modulated and current sensorless method similar to the incremental
conductance method was used. In order to eliminate the periodic measurement of the open circuit voltage in the
first step, the open circuit voltage of the generator is measured for once in the initial phase and this value is used
to create a lower and an upper limit to include the MPP voltage (Equation 12). In the first step of the method, the
generator voltage is measured and checked whether it is within the limits or not. If it is not within the limits, the
duty cycle is roughly increased/decreased and drawn into the limits and passed to the second step (Equation 13).
In the second step, the actual MPP is tracked by a method similar to the incremental conductance method by using
the generator voltage and duty cycle without using the current sensor (Equation 14). Using only one sensor
(voltage sensor) in the suggested method has reduced the complexity and cost of the method. The method has
provided better results under varying solar irradiation. In case the PV generator is partially shaded, the method
cannot find the MPP because the MPP voltage may not be within the limits determined in this study.

Setting the limits:

VinppL = k1 * Voc

VmppH =Ky * Ve (12)
Roughly bringing the PV array voltage within the limits:

Vo < Vinpprs D=D-AD

Vinopr < Vou < Vinppms second step

Vov > Vinppns D=D+AD (13)

The second step, similar to the incremental conductance method:
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In the study given in reference [23], a hybrid method is used in which the short circuit current method is
applied in the first step and the P&O method is used in the second step. In the first step, a limit to the change of k
constant (Ak) is determined instead of the periodic measurement of the short-circuit current to avoid power losses
and only when this limit is exceeded the new short circuit current I, value is measured. The state where Ak
exceeds a certain limit is determined by the increase /decrease in the output current when it is operating around
found MPP (Equation 15) and when the limit is exceeded, the expression in Equation 15 is updated by reading
new Ig. value of the short-circuit current.With this method, the MPP was approached rapidly in various
environmental conditions, and the MPP was tracked by minimizing the oscillations with very small step sized
P&O. It can be determined through this method that the method will stick to a local peak under partial shading
conditions. In another study using the same method [38], it was used with the stand-alone flyback inverter.

Ak = k(n) — k(n — 1) = 2@ _ o@D _ Ay (15)
ISC ISC ISC

In the first step of the hybrid study presented in reference [4], the V-P curve was scanned in steps of 75%
of the open-circuit voltage value of a single module in a generator system, and the power value of the PV generator
was measured at each step and the largest location of the power was considered as the approximate MPP and the
second step was taken. In the second step, the fuzzy logic controller method was used. The scanning of the V-P
curve, which was performed in the first step of the study, was repeated continuously at the intervals of 20-25
seconds. At the end of the first step, approximate global MPP was achieved under all environmental conditions,
including partial shading. At the end of the second step, the global MPP was found. The reason for selecting the
steps of the study in proportion to the open circuit voltage value of a single module in a generator system is that
the value of the approximate local or approximate actual peak approximately equals to the MPP of module and its
folds. Restarting the method every 20-25 seconds will bring power losses arising from scanning. A mechanism
that perceives moments when a change occurs on environmental conditions and provides that the method
automatically passes to scanning step is not included in this study. Also, even if there is no change in
environmental conditions, restarting the method persistently will cause unnecessary calculation procedures and
power losses. The same method was tested with a grid-connected PV system in [36].

IV. Simulation Study
The system developed with Matlab/Simulink to test some of the maximum power point tracking methods
and to compare the performance of MPP tracking is given in Fig.7. In the system given in the Fig.7, a PV string
is established by connecting three modules in series. A boost DC-DC converter is connected to the output of the
PV string to track the maximum power point. The DC-DC converter is controlled by running different algorithms
within the MPPT block and it is provided that the output current and voltage of the PV string can be adjusted to
provide maximum power.
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Fig.7 Simulation of the PV system in Matlab/Simulink.

The methods such as Incremental Conductance (INC), Perturb and Observe (P&O), Fuzzy Logic
Controller (FLC), Open Circuit Voltage (Voc) and Short Circuit Current (Isc) have been tested through the model
given in Fig.7. These methods can be applied both by directly controlling the duty cycle of DC-DC converter and
using PI controller or hysteresis controller. The results obtained from both methods are similar, and they have
advantages such as direct duty cycle control, simple control structure, short calculation time and no need to set PI
coefficients [37]. In the simulation study, firstly changing the duty cycle directly or by PI controller has been
examined. The simulation of the incremental conductance method has been tested with both duty cycle control
methods in constant environmental conditions (G=1000W/m?, T=25°C).Besides, the expression given in the

. .o Al I . -
Incremental Conductance algorithm " if TS MPP, the reference voltage value is not modified " has been

changed as "if % + é < +£s MPP, V value cannot be modified’” and step size has been tested for 0.1 (Fig.8(c)).

The aim of this change is to reduce oscillations even in the larger step size by using +€ range. Furthermore,
duration of reaching the steady-state of method will be shortened since a large step range is selected.

Test results of INC method with direct duty cycle controller, INC method with PI controller and epsilon
INC method with PI controller(EINC) are respectively given in Fig.8(a), (b) and (c). In Fig.9, the curves in
Fig.8(a), (b) and (c) are shown together in a zoomed-in view. In the simulation, the step size was used as 0.01 in
the methods given by graph (a) and (b).

Ter
| &

(@) (®) (©
Fig.8 PV string output power; a) INC method with direct duty cycle controller, b) INC method with PI
controller and c) Epsilon INC method with PI controller.

DOI: 10.9790/1676-1302028495 www.iosrjournals.org 91 | Page



Investigation Of MPPT Methods Used In PV Systems

300

250 |}

|

W,WWW

— 200 )
=

'?-; 150 )
2

2 100 — — — — Direct-INC 7

N Pl-l}\(_ ] 4

.............. PI-EINC
0 l I l §
0 1 2 3 _ 4 5 ¢ 4
Time (s)

<107

Fig.9 Curves given in the Fig.8(a), (b) and(c).

According to the Fig.8 and Fig.9, when direct duty cycle controller incremental conductance method is
used, it is seen that the oscillations in the active power at the output of the PV string in steady-state are found to
be ~ 20W (Fig.8(a)) and when PI controller incremental conductance method is used, oscillations are found to be
~1 W (Fig.8(b)) and when EINC method is used, oscillations are found to be ~0.7 W (Fig.8(c)).Reaching at the
steady-state has taken 1.5ms, 5.7ms and 1.4ms, respectively. The best performance has been obtained for the
epsilon INC method with PI controller. In the second phase of the simulation studies, the five MPPT algorithms
have been simulated. These studies have been carried out in accordance with EN 50530 Test standards [37] and
all methods have been applied by using a PI controller structure. The open circuit voltage value and short circuit
current value of the PV generator should be measured in open-circuit voltage and short-circuit current method,
respectively. In the simulation study, these values are obtained by modeling as given in Eqs. 16 and 17 without
open-circuiting and/or short-circuiting the PV string.
Ve = AVrln (I;’—h + 1) (16)
o G 17
G 17)

Simulations of the five MPPT methods have been performed under the same conditions and the results
are given in Fig.10, 11 and 12. Fig.10 shows PV string output powers and MPP tracking performance until they
reach steady-state,Fig.11 shows PV string output powers and MPP tracking performance at steady-state, Fig.12
shows PV string output powers and MPP tracking performance when a step change(1000W/m? to 700W/m?)
occurs in solar irradiation.

lye = [Isco + K;(T — To)]

Actual

| EINC
Vo

L 1 L 1

P&O b
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[®)

Time (s)

5 6
» 107

Fig.10 PV string output powers, until they reach steady-state.
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Fig.11 PV string output powers, at steady-state.
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Fig.12 PV string output powers, when a step change occurs in solar irradiation.

When the Fig.10 is examined, it is seen that Voc, Isc and FLC methods are very close to each other and
perform very well in terms of duration of reaching the steady-state. The EINC method is slightly similar to them.
The P&O method has the longest duration of reaching steady-state(~5ms). According to the Fig.11, the method
which has the lowest steady-state error rate is EINC method. When all methods are compared, rate of steady-state
errors is found to be lower than 0.5%. When the solar irradiation is reduced from 1000W/m? to 700W/m?, all
methods are able to track the MPP quickly (less than 0.1ms) (Fig.12).

The simulation results of the MPPT methods for the case where solar irradiation is changed from 300
W/m? to 1000 W/m? with a gradient of 100(W/m?)/sec are given in Fig.13. When the results are examined, it is
seen that all MPPT methods are able to track the MPP quickly. In Fig.13(b) the results are given by zooming in
the range 0f3.29-3.35 sec. It has been observed that the oscillations in the Isc and FLC methods are more frequent
than the other methods. The actual oscillation for all methods is less than the value of 0.5% and they are
successfully able to track the curved change in MPP.
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Fig.13 When the output power and solar irradiation of PV string is increased from 300 W/m? to 1000 W/m? with
a gradient of 100(W/m?)/sec.

V. Conclusion
In this study, widely used MPPT methods and hybrid methods developed from these methods are
presented together with their advantages and disadvantages. Incremental Conductance, Perturb and Observe,
Fuzzy Logic Controller, Open Circuit Voltage and Short Circuit Current methods are modeled with
MATLAB/Simulink. The modeled MPPT methods have been tested under various irradiation densities which are
stable, gradient and changing by following a curve. Simulation results of these five methods are compared and
presented graphically.
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