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ABSTRACT 5 

This paper gives an overview and classification of modern methods maximum power point tracking 6 
(MPPT) for the solar photovoltaic (PV) systems. Advantages and disadvantages of each method are 7 
described and compared. Many maximum power point tracking techniques for photovoltaic systems 8 
have been developed to maximize the produced energy. These techniques vary in many aspects as: 9 
simplicity, speed of convergence, fast dynamic response, range of effectiveness. The MPPT methods 10 
can be classified into three broad categories: indirect, direct and hybrid methods. 11 

 12 
Keywords: Maximum Power Point Tracking, indirect, direct and hybrid methods. 13 

 14 

1. INTRODUCTION 15 

Photovoltaic (PV) energy is one of the most important renewable energy sources. As opposed to the 16 
conventional not renewable sources such as gasoline, coal, etc. solar energy are clean, inexhaustible 17 
and free [1-4]. The output of a photovoltaic system depends very much upon the weather conditions, 18 
i.e. solar irradiation, temperature and shading effects due to clouds. These parameters in PV power 19 
system never remain constant, instead kept on changing at each instant. But after a lot human effort 20 
and research [5-8]. The maximum power point (MPP) is the point at which system has the highest 21 
possible efficiency. In one weather condition, there can only be one operating point in the system that 22 
can give the optimal maximum efficiency. Therefore, to track this point in the system is very important 23 
in order to increase the system efficiency. Particularly, the system having any kind of converter needs 24 
MPPT in order to make sure that it deliver maximum power to the other side. PV array characteristics 25 
are nonlinear and greatly depend upon weather condition [8-15]. 26 

 27 
2. MAXIMUM POWER POINT TRACKING 28 

MPPT (Maximum Power Point Tracking) function is to regulate the DC (Direct Current) output voltage 29 
or current in such a way that the maximum possible power can be obtained, with respect to any 30 
changes in weather conditions. The behavior of an illuminated solar cell can be characterized by an I-31 
V curve. Interconnecting several solar cells in series or in parallel merely increases the overall voltage 32 
and/or current, but does not change the shape of the I-V curve Fig. 1a.The operating point should 33 
such correspond to the maximum of the (P-V) curve, which is called the maximum power point (MPP) 34 
shown in Fig. 1b [1-4]. 35 

 36 

 37 
a                                                             b 38 
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Fig. 1 The I–V characteristics of solar cells under varying sunlight a) 39 
The maximum power point (MPP) of the P-V curve b) 40 

 41 
Therefore, for understanding the concept of MPPT, it is sufficient to consider the I-V curve of a solar 42 
cell. The P-V curve is dependent on the module irradiance Fig. 2a and temperature Fig. 2b.  In case, 43 
a decreasing irradiance leads to a decreased power and slightly decreased voltage, as illustrated in 44 
Fig. 2a and increase in temperature is accompanied by a decrease in the open circuit voltage value. 45 
Increase in temperature causes increase in the band gap of the material and thus more energy are 46 
required to cross this barrier. Thus the efficiency of the solar cell is reduced, Fig. 2b. Shows that an 47 
increasing temperature leads to a decreased power and has a detrimental effect on the decreased 48 
voltage [4-10]. 49 
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a                                                               b 52 

Fig. 2. Impact of factors on power-voltage characteristics of a PV array: 53 
a - irradiation; b - temperature 54 

 55 
For a given irradiance and temperature, the operating point corresponds to a unique (I,V) pair which 56 
lies on to the I-V curve. If the irradiance or temperature change, the I-V and the P-V characteristics 57 
will change as well and hence the position of the MPP will shift. The location of the MPP is not known 58 
but can be traced by using MPPT methods to maintain the PV array’s operating point at its MPP. The 59 
MPPT methods can be classified into three broad categories: indirect methods, direct methods and 60 
hybrid methods [4-7]. 61 
 62 
2.1 Indirect Methods 63 

In indirect methods usually the physical values of the PV panel are used to generate the control 64 
signals [5,7]. These methods are based on the calculation of the position of MPP with the help of the 65 
current-voltage characteristics database of photovoltaic panels for different levels of illumination and 66 
temperature, or on the use of mathematical functions on the basis of the previously obtained empirical 67 
data. The methods of this group include: open circuit voltage coefficient (OCVF) and short circuit 68 
current coefficient (SCCF) [4-7,9,14-15]. 69 
 70 
2.1.1 Open Circuit Voltage coefficient (OCVF) Method 71 

This method is one of the simplest indirect methods which uses the approximately linear relationship 72 
between the open circuit voltage (Voc) and the maximum power point voltage (Vmp) under different 73 
environmental conditions as described by the follow in the equation [2,4-5,7,9,14-15]: 74 

 
                                           KV = Vmp / Voc 

(1) 

 75 
Where KV is coefficient of the open circuit voltage, which depends on the solar cell characteristics. 76 
This coefficient is empirically derived based on measurement of the Voc and Vmp under different 77 
environmental conditions [4-5,7,9,14-15]. In each successive stage as MPP is tracked, this value of 78 
Vmp which is chosen as the set point is assumed to remain relatively constant over a wide range of 79 
temperature and irradiance values. The OCVF flowchart is shown below in Fig. 3. In spite of the 80 
relative ease of implementation and low costs, this method suffers from two major disadvantages. 81 
First, the MPP may not be tracked accurately. Second, measurement of Voc requires periodic 82 
shedding of the load, which may interfere with circuit operation and will cause more power losses. 83 
The open circuit voltage (Voc), at the power generated is equal zero. 84 
 85 
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 87 

Fig. 3. Flow chart of the OCVF   88 
 89 

2.1.2 Short Circuit Current coefficient (SCCF) Method 90 

To track the power, this MPPT technique requires the value of SCC by isolating the PV array.This 91 
method represents an indirect approach, which is relatively similar to the OCVF method. The short 92 
circuit current (Isc) is based on the measurement of the PV module SCC when its output voltage is 93 
equal to zero, and the PV module maximum output current at MPP (Imp), is linearly proportional to (Isc), 94 
which can be described by the following equation [4-5,7,9,14-15]. 95 
 96 
                                      KI = Imp / Isc  (2) 

Where KI is a coefficient of the open circuit voltage that can be calculated from the PV curve. The 97 
SCCF flowchart is shown below in Fig. 4.  98 
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Fig. 4. Flow chart of the SCCF   101 
 102 

While the SCCF method is more accurate and efficient than the OCVF method [2,4]. With a boost 103 
converter is used, where the switch in the converter itself can be used to apply a short circuit to the 104 
PV array. An improvement similar to that proposed above for the OCVF method can be applied to the 105 
SCCF method. In particular, the Short Circuit Current (Isc), at the power generated is equal zero. 106 
 107 
2.2 Direct Methods  108 

The direct methods are based on the instantaneous measurements of voltage and current values and 109 
the use of these measurements for calculation of the MPP position [5,7]. The methods of this group 110 
include: the differentiation method, perturbation and observation (P&O) method, incremental 111 
conductance (IC) method and hill climbing (HC) method [1-5]. 112 
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 113 
2.2.1 Perturbation And Observation (P&O) Method 114 

P&O method is one of the most frequently used algorithms to track the maximum power due to its 115 
simple structure and fewer required parameters.This method finds the maximum power point of PV 116 
modules by means of iteratively perturbing, observing and comparing the power generated by the PV 117 
modules. It is widely applied to the maximum power point tracker of the photovoltaic system for its 118 
features of simplicity and convenience [2-6,8,10-15]. 119 
Shown in Fig. 5 is the Perturb and Observe (P&O), which described the relationship between the 120 
terminal voltage and output power generated by a PV module. It can be observed that regardless of 121 
the magnitude of sun irradiance and the terminal voltage of PV modules, the maximum power point is 122 
obtained while the condition dP/dV = 0 is accomplished. 123 
The slope (dP/dV) of the power can be calculated by the consecutive output voltages and output 124 
currents, and can be expressed as follows, 125 
 126 

( ) ( 1)
( )

( ) ( 1)

dP P k P k
k

dV V k V k

− −
=

− −

. 
(3) 

Where 127 

( ) ( ) ( )   · P k V k I k= . (4) 

 128 
It can also be seen from Fig. 5. That voltage corresponding to MPP called Vmp and current I called Imp. 129 
These values at STC are available in the data sheet of every PV module. The difference among the 130 
selected three MPPT algorithms is the method used to meet the condition [2-6,8,10-15]. 131 

 132 

dP/dV >0 (Left hand side of MPP); 
dP/dV <0 (Right hand side of MPP); 

dP/dV =0 (At MPP). 

(5) 
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Fig. 5. Perturb and Observe (P & O) Method 134 
 135 
The variations of the output voltage and power before and after changes are then observed and 136 
compared to be the reference for increasing or decreasing the load in the next step. 137 
If the perturbation in this time results in greater output power of PV modules than that before the 138 
variation, the output voltage of PV modules will be varied toward the same direction.Otherwise, if the 139 
output power of PV modules is less than that before variation, it indicates that the varying direction in 140 
the next step should be changed.The maximum output power point of a PV system can be obtained 141 
by using these iterative Perturbation, Observation and comparison steps. The advantages of the P&O 142 
method are simple structure, easy implementation and less required parameters.The shortcomings of 143 
the P&O method can be summarized: 144 
(a) The power tracked by the P&O method will oscillate and perturb up and down near the maximum 145 
power point. The magnitude of the oscillations is determined by the magnitude of variations of the 146 
output voltage. 147 
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(b) There is a misjudgment phenomenon for the P&O method when weather conditions change 148 
rapidly [5-7]. 149 
The algorithm is illustrated in the flowchart shown in Fig. 6. The PV-output voltage (Vk) and PV output 150 
current (Ik) are sensed. The power is calculated (Pk) and compared with the power vale calculated 151 
from the Previous sample (Pk-1) in order to get ∆Pk. If the results of ∆Pk is zero the system is working 152 
at MPP. Otherwise and according to the sign of ∆Pk and to the sign of ∆Vk the command voltage to 153 
control the duty cycle D of the converter (let’s say the perturbation), will be decreased or increased in 154 
order to force the working point of the PV module towards the MPP [2-6,8,10-15]. 155 
 156 

 157 
 158 

Fig. 6. Flowchart of Perturb and Observe (P & O) 159 
 160 

2.2.2 Incremental Conductance (IC) Method 161 

The theory of the incremental conductance method is to determine the variation direction of the 162 
terminal voltage for PV modules by measuring and comparing the incremental conductance and 163 
instantaneous conductance of PV modules [1-9,11-12,14-15]. If the value of incremental conductance 164 
(dI/dV) is equal to that of instantaneous conductance (-I/V), it represents that the maximum power 165 
point is found. The basic theory is illustrated by Fig.6.When the operating behavior of PV modules is 166 
within the constant current area, the output power is proportional to the terminal voltage [1-9,11-167 
12,14-15]. 168 
That means the output power increases linearly with the increasing terminal voltage of PV modules 169 
(slope of the power curve is positive, dP/dV > 0).When the operating point of PV modules passes 170 
through the maximum power point, its operating behavior is similar to constant voltage. 171 
Therefore, the output power decreases linearly with the increasing terminal voltage of PV modules 172 
(slope of the power curve is negative, dP/dV < 0). 173 
When the operating point of PV modules is exactly on the maximum power point, the slope of the 174 
power curve is zero (dP/dV = 0) and can be further expressed as, 175 
 176 

( )dP d VI dV dI dI
I V I V

dV dV dV dV dV
= = + = + . (6) 

 177 

By the relationship of dP/dV = 0, Eq. (6) can be rearranged as follows Eq. (7), 178 

dI I

dV V
= − . (7) 

 179 
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dI and dV represent the current error and voltage error before and after the increment respectively. 180 
The maximum power point (operating voltage is Vm) can be found when 181 
 182 

m m

dI I
V V V V

dV V

   
= = − =   

   

. 
(8) 

 183 
When the equation in Eq. (7) comes into existence, the maximum power point is tracked by MPPT 184 
system. However, the following situations will happen while the operating point is not on the maximum 185 
power point: 186 

;( 0 )
dI I dP

dV V dV
> − > . (9) 

;( 0 )
dI I dP

dV V dV
< − <

. 
(10) 

 187 
Equations (9) and (10) are used to determine the direction of voltage perturbation when the operating 188 
point moves toward the maximum power point [10]. In the process of tracking, the terminal voltage of 189 
PV modules will continuously perturb until the condition of Eq. (7) Comes into existence. Fig. 7 is the 190 
operating flow diagram of the incremental conductance algorithm. 191 
From the flow diagram shown in Fig. 8, it can be observed that the weather conditions don’t change 192 
and the operating point is located on the maximum power point when dV = 0 and dI = 0. 193 
If dV = 0 but dI > 0, it represents that the sun irradiance increases and the voltage of the maximum 194 
power point rises. Meanwhile, the maximum power point tracker has to raise the operating voltage of 195 
PV modules in order to track the maximum power point. On the contrary, the sun irradiance 196 
decreases and the voltage of the maximum power point reduces if dI < 0. At this time the maximum 197 
power point tracker needs to reduce the operating voltage of PV modules. Furthermore, when the 198 

voltage and current of PV modules change during a voltage perturbation and dI/dV > －I/V (dP/dV > 199 

0), the operating voltage of PV modules is located on the left side of the maximum power point in the 200 
P-V diagram, and has to be raised in order to track the maximum power point. 201 

If dI/dV < －I/V (dP/dV < 0), the operating voltage of PV modules will be located on the right side of 202 

the maximum power point in the P-V diagram, and has to be reduced in order to track the maximum 203 
power point [1-9,11-12,14-15]. 204 
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Fig. 7. Incremental Conductance (IncCond) method 207 
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 209 

Fig. 8. Flowchart of incremental conductance (IncCond) method 210 
 211 
 212 

2.2.3 Hill Climbing (HC) Method 213 

The most common MPPT method in space applications is the hill climbing method owing to its high 214 
precision, simple structure, direct investigation of power, high reliability, and independence from 215 
sensors such as radiation and temperature sensors [11,14]. This method has three major 216 
disadvantages: 217 
Firstly tracking local peaks of the solar array voltage-power curve, secondly oscillations around the 218 
MPP and thirdly low speed. 219 
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Fig. 9. P-D curve diagram of  the hill climbing method 221 

 222 

The difference among the selected three MPPT algorithms is the method used to meet the condition. 223 

dP/dD >0 (Left hand side of MPP); 
dP/dD <0 (Right hand side of MPP); 

dP/dD =0 (At MPP). 

(11) 

 224 

The hill climbing method uses the duty cycle (D) of these switching mode power interface devices as 225 
the judging parameter when the task of the maximum power point tracking is implemented []. When 226 
the condition dP/dD = 0 is accomplished, it represents that the maximum power point has been 227 
tracked. The flow diagram of the hill climbing algorithm is shown in figure (9) [11,14]. 228 
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The duty cycle in every sampling period is determined by the comparison of the power at the present 229 
time and previous time. If the incremental power dP > 0, the duty cycle should be increased in order 230 
to make dD > 0. If dP < 0, the duty cycle is then reduced to make dD < 0. 231 
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Fig. 10. Flowchart of the hill climbing method 234 

 235 

3.2 Hybrid Method 236 

The Hybrid methods, which are those that combine two different broad categories, each categorie 237 
consists of one or two methods; the indirect and direct methods are used to get a quick approximation 238 
to the MPP whereas the online method is used to improve the result [2,5,7,9,14-15]. 239 
 240 

4. CONCLUSION 241 

The purpose of this paper is to study and compare advantages, disadvantages and execution 242 
efficiency of several MPPT methods. These methods have been classified into three categories: 243 
indirect, direct and hybrid methods. It is important to observe that when the PV panel is in low 244 
insulation conditions. The P&O algorithm has well regulated PV output voltage than a hill climbing 245 
algorithm. However, the perturbation magnitude of the hill climbing method will be getting smaller 246 
under the condition of having similar oscillations of PV output voltage. This causes a longer simulation 247 
elapsed time for the hill climbing method to track the maximum power point. Therefore, P&O algorithm 248 
possesses faster dynamic response than a hill climbing algorithm. The incremental conductance 249 
method has advantages of exact perturbing and tracking direction and steady maximum power 250 
operating voltage. However, the other two methods have the possibility of misjudgment of determining 251 
the perturbing and tracking direction. Therefore, the incremental conductance method is more 252 
competitive than the other two methods in the PV system which uses.  253 
The indirect methods, including open circuit voltage coefficient (OCVF) method, short circuit current 254 
coefficient (SCCF) method. The SCCF method is more accurate and efficient than the OCVF method. 255 

 256 

 257 
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