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Abstract  To enhance the performance and energy utilization of photovoltaic (PV) systems, efficient maximum power 

point tracking (MPPT) algorithms are required. The algorithms must be basically evaluated and their performances should be 

investigated before being implemented in actual systems. In order to experimentally evaluate the performance of MPPT 

algorithms, many PV testing systems have been designed, however, a low cost and simple experimental system is missing in 

the literature. In this paper, an efficient and simple PV testing system has been designed and the performances of two 

well-known MPPT algorithms such as perturb and observe (P&O) and incremental conductance (IC) algorithms have been 

investigated in real time. The evaluation is conducted under both stable and variable environmental conditions using a 180 W 

PV module. The system behavior is also challenged and investigated by changing the algorithm parameters such as step size 

and perturbation frequency and the optimized parameters are used for this application. The results show that the developed 

experimental testing system is a flexible and low-cost system, which aims to easily embed and simulate MPPT algorithms 

and evaluate them in various environmental conditions. 
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1. Introduction 

In many countries, PV energy is considered the future 

sustainable energy source. Amongst all renewable 

technologies, PV receives a strong support from the public 

and the politicians put an extreme attention to it. The 

characteristics of a solar cell, array, or module can be 

achieved only by experimentally characterizing those using 

current-voltage (I-V) and power-voltage (P-V) characteristic 

curves. I-V and P-V characterization curves and thus the 

output power of PV modules are extremely dependent on the 

varying module temperature (T) and solar irradiation (G). It 

can be concluded that connecting the PV module directly to 

the input port of a power system would be the worst choice 

of interest in harvesting energy, from power generation point 

of view.  

Considering PV module is connected directly to a battery, 

the system forces the module to work on the battery voltage. 

If the battery voltage is higher than the PV module’s open 

circuit voltage (Voc), the system will not be able to drive the  
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energy from the module. On the other hand, if the battery 

voltage is less than Voc, the battery voltage must be around 

the voltage at maximum power point (Vmp) to harvest the 

most energy from the module. As T and G levels are 

changing due to environmental condition changes, the Vmp is 

also changing. Therefore, it is almost impossible that the PV 

module delivers the maximum power in such a condition. 

Therefore, tracking maximum power point (MPP) is very 

important and MPPTs need to be implemented and validated. 

One of the conventional techniques to get maximum power 

from PV can be achieved by connecting a constant resistive 

load. This technique is very inefficient and will not be 

effective as the Vmp is changing during daytime by changing 

the irradiation and temperature, whereas the resistor is 

constant and being selected at the specific condition. 

Therefore, the direct connection of PV module to a battery or 

a resistive load cannot assure that the PV module is working 

at the MPP. As a result, a tunable hardware design is 

mandatory to locate between the PV module and load or 

battery, to adapt the module input voltage to Vmp. There also 

an MPPT tracking algorithm is required to identify the MPP 

in all the system operating points and supply the voltage 

reference for the tunable hardware. 

As the Vmp changes over time, the power conversion 

system must have the capability to perform adaptively in the 

presence of these real-time variations. DC-DC power 

converters are considered as the best method and interface 
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amongst all the other methods of PV testing systems. It is 

clear that using an interface will increase the cost of the 

system but the increment of the cost can be negligible in 

comparison with the amount of power generated by the 

module at MPP. The choice of the DC-DC power converter 

for this application is deeply discussed in [1].  

It has been discussed that the employed MPPT algorithm 

and the interfaced hardware are very crucial for the 

maximization of power generation of PV systems. The 

overall system is called the PV testing systems. Figure 1 

depicts the experimental test rig developed in this study as a 

PV testing system. As shown, PV module is connected to the 

load through a DC-DC power converter. The voltages and 

currents at the input and output of the converter are measured 

via dSPACE rti1104 controller board and the data are being 

processed by Matlab/Simulink and Control Desk interface 

by dSPACE, which is a cost-effective single board that can 

upgrade a PC to a development platform for fast control 

application. 

G and T are also measured via ADAM 4000 series 

interface modules. The control signal, which is the output of 

the MPPT algorithms, then sends the pulse width modulated 

signal to the power converter to force the system working at 

MPP. 

 

Figure 1.  Experimental test rig 

Regarding the reliability point of view, a PV system is 

divided into PV modules and a balance of system (BoS), 

which comprises all the non-module components of PV 

plants. From the reliability point of view, deep root failure 

causes of PV module and BoS are thoroughly studied to 

enhance the maintenance activities. A Markovian Model is 

built up, considering all the possible failure modes, in order 

to assess the probability of each failure mode occurrence  

and estimate the mean time to failure, probability density 

function of the time to module failure, hazard and survival 

functions of PV module and BoS [2] [3]. 

In this paper, particular focus is given to the 

implementation and evaluation of P&O and IC MPPT 

algorithms embedded in Matlab/Simulink using the 

experimental setup. The algorithms parameters have been 

changed to investigate the system performance using 

different parameters. Finally, algorithms performances have 

been evaluated in stable and variable environmental 

conditions using the optimum parameters for step size (d) 

and perturbation frequency (fp). The main contribution of 

this paper is to propose a simple algorithm together with a 

cost-effective experimental PV testing system which is 

capable of investigating and validating different types of 

MPPT algorithm in the constant and variable environmental 

condition. The system is specifically capable of comparing 

different algorithms at the same time in sudden changes in 

the environmental condition. Authors in [4] investigated   

an advanced P&O based self-adaptive step size MPPT 

algorithm however, there is no experimental setup to validate 

the algorithm. Some literature such as [5] and [6] has been 

used the experimental setup however they haven’t evaluated 

their algorithm under sudden changes in environmental 

conditions.  

This paper is organized as follows; section 2 is dedicated 

to a literature review of different types of MPPT algorithms. 

The hardware setup is discussed in section 3. The 

experimental performance evaluation of P&O and IC 

algorithms are investigated in section 4 and section 5 

respectively. Finally, the research outcomes are presented in 

Section 6. 

2. MPPT Algorithms 

There are several types of MPPT algorithms that can track 

the MPP of PV modules. In general, MPPT algorithms are 

dividing into two categories as; indirect and direct methods. 

1) Indirect method 

This method of MPP tracking is based on estimating   

the MPP according to some databases such as the prior 

information about the PV module and measuring the 

parameters such as G, T, Isc or Voc or using mathematical 

functions to estimate MPP. Obviously, the employed 

database does not necessarily include all the climate 

conditions. Therefore, one of the main drawbacks of this 

method is when the real condition is far from the estimated 

condition. In this case, the energy losses are very high and 

when a high precision of tracking is needed, direct methods 

would be more appropriate. Some of the indirect methods are 

explained in details as below. 

A. Open circuit voltage  

This method is based on the fact that the MPP voltage of 

PV module is linearly proportional to the Voc of the module 

as can be written as, 

K1 =
𝑉𝑀𝑃𝑃

𝑉𝑂𝐶
 < 1              (1) 

Figure 2 depicts the flowchart of the open circuit voltage 

method. As can be seen, the system is quite simple but 

finding an appropriate and optimal value for K1 is difficult.  

In some literature, it is shown that the constant K1 is 

located at 0.76 of the Voc [7]. In some others, it is concluded 

that for different types of PV modules, values in the interval 

between 0.70Voc and 0.82Voc are good approximations of K1 
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[8]. A disadvantage of this method is that a switch must be 

put in series with the power converter to completely open the 

system in order to measure the Voc to find the Vmp, which 

results in energy losses during this test. 

 

Figure 2.  Open circuit voltage MPP tracking method 

B. Short circuit current method  

In this method, Imp considered having a linear relationship 

with Isc [9]. 

K2 =
IMPP

ISC
 < 1             (2) 

In order to measure the Isc, the PV module must operate in 

short circuit condition, which wastes a lot of energy during 

this measurement. Although the system is simple, the 

mentioned disadvantages decrease the use of this method. 

C. Look up table method 

For this method, Imp and Vmp for different environmental 

conditions are saved and used to compare with the real 

operating condition to find the real MPP [10]. This method 

has some drawbacks such as the need for huge amount of 

space to save all the data to compare with the operating point. 

In addition, these saved data are just dedicated to the PV 

module which the data has been collected. 

D. Fuzzy logic method  

Another method to obtain the MPP is the fuzzy logic 

approach. In a study [11], a boost converter connected to 

single-phase inverter is employed. The switch of the 

converter is being controlled by means of an adaptive fuzzy 

logic controller to track the MPP. Both conventional and 

adaptive fuzzy methods are compared numerically and 

experimentally and it is shown that the adaptive fuzzy logic 

can deliver more power than the conventional fuzzy 

approach. The inputs of the system are the error and the 

change of the error. Although the system with the fuzzy logic 

tracker is fast especially in rapidly changing conditions there 

must be an extensive knowledge of the system with an expert 

operator to make the rule base table which is difficult to 

obtain an optimal one [11]. 

E. Artificial network method  

A neural network which can be used as an MPPT 

algorithm is another method in the group of indirect MPPT 

trackers. A novel neural network MPPT controller in PV 

applications is presented in a study [12]. This MPPT 

controller was developed in two operating modes. The first 

mode, which is called the offline mode, is the testing of 

different neural network parameters to find the most 

appropriate and optimized controller from the structure, 

training algorithm and the activation function points of view. 

The second mode, which is called online mode is the optimal 

neural network MPPT controller used in real-time to track 

the MPP. As can be seen from Figure 3, the inputs of the 

network are the derivatives of the input voltage and power of 

solar module due to a given cell temperature and solar 

irradiation and the output is a value between zero to one 

which increases or decreases the duty cycle of the boost 

converter. 

As the neural network must be designed for a specific 

environmental condition and PV module, the network must 

be trained on a regular basis which is time-consuming and a 

waste of energy during training. 

 

Figure 3.  Developed neural network to determine the duty cycle [12] 

F. Model-Based algorithms 

The model-based (MB) MPPT techniques are in the group 

of indirect MPPT algorithms. In comparison with the P&O 

and IC algorithms, MB algorithms are more efficient in 

sudden environmental changes as they offer a better dynamic 

response. The conventional MB MPPT algorithms usually 

need some experimental equipment such as Pyranometer to 

be carried out. To this end, in a study [13] the authors of this 

study proposed a new MB MPP tracker which only needed 

the Pyranometer during identification of the parameters. As 

the MB algorithms need an accurate model of the PV module, 

a new single model of the diode is also described, which 

helps to find the parameters more easily than the previous 

ones [13] [14]. This simple method is used and some 

experimental results show an acceptable performance of the 

new MB MPP tracker [15]. The maximum power can be 

easily estimated by measuring the T and G since the PV 

model is known and used to find the accurate parameters of 

the MB algorithm. A disadvantage of this method was the 

system cost according to equipment needed to implement  

the algorithm. Therefore, in some studies [14] [16] [17],  

the authors describe an improved MPP tracker for PV 

application, which reduces the cost of the system 

implementation by eliminating the Pyranometer.  
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2. Direct methods 

Direct methods need the measurement of the current and 

voltage of the PV module. The most outstanding feature of 

direct methods are that; there is no need of deep knowledge 

about the system and no disconnection of the hardware 

during tracking implementation is needed. Therefore, the 

MPP can be tracked independence by measuring G, T, the 

degradation and aging of the PV module with a very high 

robustness. Amongst a number of direct MPP trackers, in 

this paper, P&O and IC methods will be discussed and 

evaluated in detail. 

A. Perturb and Observe Algorithm 

The P&O method is one of the most widely used MPPT 

algorithms in different applications, which does not require 

the prior knowledge of the PV module characteristics. This 

technique operates by perturbing the output voltage of the 

PV modules and does a comparison between the power 

generated before and after the perturbation. If the power 

increases by the changes in the PV voltage, the operating 

voltage forces to move in the same direction by adding a 

constant value called the ‘step size’ to the reference voltage. 

Otherwise, the change to the operating voltage must be in the 

opposite direction by changing the sign of the step size. 

There are two configurations to implement the P&O 

algorithm [18] [19]. Figure 4 shows both techniques, which 

are using in literature to implement the algorithm.  

 

 

Figure 4.  P&O implementation configurations 

As can be seen, the voltage reference perturbation 

configurations is using the PV module voltage as the control 

parameter. The reference voltage is the output of the MPPT 

algorithm and the controller which is usually a PI controller 

adjusts the duty cycle of the DC-DC power converter by 

means of PWM generator [20] [21]. The second method of 

implementing the P&O algorithm is using the duty cycle of 

the power converter as the control parameter and therefore, 

the output of the P&O algorithm must be directly the duty 

cycle which will be the input of the PWM generator. In most 

of operating conditions, Vmp has slower dynamics in 

comparison with the Imp. In addition, to prevent the controller 

to be oscillated with noisy current measurements, in this 

study the reference voltage perturbation has been chosen. 

The P&O algorithm flowchart which is used in this paper is 

depicted in Figure 5. 

 

Figure 5.  P&O flowchart diagram 

Not only the choice of the perturbation ‘step size’ is very 

important but also the ‘perturbation frequency’ is another 

crucial parameter in designing the P&O algorithm. The 

perturbation frequency is the number of perturbations per 

second that made by the MPPT algorithm. Due to the 

importance of these parameters, Sections IV and V dedicated 

to the definition of the parameters, the procedure of 

validating the employed MPP algorithms and the effect of 

the perturbation time and step size on the dynamic and the 

steady state conditions. Finally, the procedure of finding the 

optimized parameters is discussed.  

B. Incremental conductance Algorithm 

Incremental conductance is a famous hill climbing MPPT 

algorithm [22] [23]. This algorithm is based on the fact that, 

the MPP is the point that the slope of the P-V characteristic 

curve is zero. On the left side the slope is positive  ( 
dp

dυ
> 0) 

and on the right side the slope is negative ( 
dp

dv
< 0) as can 

be written as the following equation.  
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dp

dv
= 0 at the MPP 

dp

dv
> 0 𝑡𝑜 𝑡ℎ𝑒 𝑙𝑒𝑓𝑡 𝑜𝑓 𝑀𝑃𝑃 

dp

dv
< 0 𝑡𝑜 𝑡ℎ𝑒 𝑟𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝑃𝑃

       (3) 

where P is the module power and V is the module Voltage. 

As the P = VI the equation can be rewritten as, 

dp

dv
=

d iv 

dv
= i + v

di

dv
 

i

v

dp

dv
=

i

v
+

di

dv
                   (4) 

Therefore, the sum of incremental conductance (
di

dv
) and 

instantaneous conductance (
i

v
)  is zero at the MPP. The 

same as a P&O algorithm, two techniques can be used to 

implement the IC MPPT algorithm as shown in Figure 4. 

Due to the mentioned reasons in the previous section, the 

reference voltage is selected as the control parameter.  

As shown in Figure 6, the algorithm increases or decreases 

the reference voltage by comparing the incremental 

conductance (
di

dv
)  and (−

i

v
) . Several studies use the 

condition that   
di

dv
 = (−

i

v
). It must be taken into account 

that this assumption is acceptable only if we neglect the 

dynamic of the MPPT algorithm and the noise of the system. 

In addition, it is not possible to find stable environmental 

conditions. For an experimental PV testing system, the last 

mentioned condition is not acceptable. Therefore in this 

paper, the IC algorithm strategy as shown in Figure 6 has 

been used. 

 

Figure 6.  IC Flowchart diagram used in this paper 

3. Hardware Setup 

The hardware platform has been designed for integrating 

real-time measurement to characterize PV modules and 

embedding MPPT algorithm. The experimental design has 

the capability to perform several functions, such as data 

collection in real-time for the current and voltage using the 

data acquisition card for plotting of I-V and P-V curves of 

the photovoltaic modules for the power up to 200W. In this 

test rig, the maximum power is checked by the robust MPPT 

algorithm according to the step size and period time of the 

algorithm in real-time processing.  

The SEPIC converter enables embedded real-time 

measurement test rig by changing the duty cycle of the PWM 

signal at the gate of the MOSFET to modify the PV module 

voltage. The lifetime enhancement analysis of the converter 

is also presented and discussed in [24] [25]. 

A dSPACE rti1104 data acquisition and control card using 

PC can be used as the interface to acquire current and voltage 

measurements performed on the system in real-time. This 

signal is a control signal to force the PV module operating at 

a certain voltage to achieve the MPP using MPPT algorithms. 

The control system is based on PC and Simulink/MATLAB 

environment. The ControlDesk software by dSPACE has 

been used as a graphical interface between the Simulink and 

the experimental part of the system.  

ADAM-40000 family is an intelligent interface between 

the sensors and the computers. These series of interfaces are 

module-computer based with a microprocessor embedded, 

which are suitable for creating a good remote input/output 

system. The RS-485 communication protocol is used to 

transmit the data in ASCII codes. They also provide several 

functions, including signal processing, the insulation, A/D 

and D/A conversion, the comparison of data, and digital 

communication functions. 

To assure that the maximum power is driven from the PV 

modules, the DC-DC power converter must have the 

capability to trace any voltage in full range. As can be seen 

from Figure 7, by changing the duty cycle (control signal) 

from zero to one, any operating points of PV module can be 

achieved. 

The duty cycle must be varied on a regular basis by the 

controller to force the PV module to operate in the MPP 

point continuously. By measuring real-time input or output 

voltage and current of the power converter, the MPPT 

controller can change the duty cycle of the converter to track 

MPP. 

MPPT controllers can maximize the harvested input 

power or the output power. Figure 7 shows both approaches 

that an MPPT algorithm can be implemented in a system to 

track the MPP in real-time by using the input or output 

parameters of the converter. 

On one hand, MPPT controllers that use output parameters, 

have some advantages in comparison with those employing 

input parameters, because of using less number of sensors as 

the load is constant. This will result in simplifying the 

hardware and implies algorithm simplification. Therefore, 

just one sensor would be used for MPPT controllers to 

compute the Vmp [26]. 
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Figure 7.  Input (top) and output (bottom) parameters measurements 

On the other hand, MPP changes during the daytime along 

with the variation of the efficiency of the power converter. 

Therefore, the changes in G cause electrical stress from the 

current over devices in which the losses are completely 

affected by the stress. The changes in irradiance conditions 

impose an additional voltage stress to power devices. All 

these are negative factors, which can decrease the efficiency 

of the power converter. Due to this fact, an increase in the PV 

power leads to a lower efficiency and decreases the output 

power.  

In literature, measuring the voltage and current of PV 

modules are considered as the most important parameters 

needed to track the MP and there must be a trade-off between 

the limitation of the cost and guarantee of an acceptable 

relation of the efficiency vs. power, as the higher the output 

power the higher the efficiency [26]. 

Based on the aforementioned reasons, the input voltage 

and current of PV module are measured and used to calculate 

the Vmp in this study. The calculated voltage is set as a 

reference of the controller to force the PV module to work at 

that point to achieve the maximum power. 
T and G are acquired through a PT100 temperature sensor 

and a class 1 CMP21 Pyranometer sent through the sensor 

interfaced with the control board by means of a serial RS-232 

communication protocol. To measure the voltage provided 

by the PV module, two resistors are used in parallel with the 

PV module as a voltage divider. The current provided by the 

PV module is measured through the LEM LTS-6NP current 

sensor.  

To perform experimental measurements, the converters 

are connected to a 180W monocrystalline solar modules 

installed on the roof of DEIB department at Politecnico    

di Milano University and the related parameters are 

summarized in Table 1. 

Table 1.  180 W PV panel characteristics 

PV Parameters Description Value 

Voc Open circuit Voltage 44.2 V 

Isc Short circuit current 5.24 A 

Pmax Maximum power at STC 180 W 

Table 2 shows the component characteristics and products 

name used in the DC-DC convertor. As can be seen 5 ARCO 

high power resistors (22Ω, 50W) has been used in parallel 

making a total of 4.4Ω with up to 250W which is the power 

rating for the power converter. 

Table 2.  Components of the DC-DC convertor board 

Components Characteristics Product name 

MOSFET 250V, 93 A, 14.5mΩ IRFP4768PbF 

D 0.84V, 32ns SBR40U300CT 

L1 230 μH, 5.5 A Murata 1400 series 

L2 230 μH, 5.5 A Murata 1400 series 

C1 100 μF, 250 V x4 Radial EE Series 

C2 100 μF, 250 V x3 ALS30/31 Series 

Cin 100 μF, 250 V x4 Radial EE Series 

Load 22R, 50W x5 ARCOL 

 

Figure 8.  DC-DC converter board 

 

Figure 9.  The experimental PV testing system 

Figure 8 depicts the DC-DC converter PCB board 

designed by Target 3001 V17 software, which has the 

capabilities of; measuring the voltage and the current of the 

PV module, measuring the voltage and current of the load to 
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calculate the efficiency of the converter and using the 

voltage follower and the filter in data measurement to avoid 

destruction of DAC input of the data acquisition card and get 

rid of noises.  

Figure 9 shows the experimental setup of the PV testing 

system.  

4. Performance Evaluation of the P&O 
Algorithm 

Two important parameters must be designed properly to 

assure that the MPPT algorithm can perfectly carry out. The 

parameters are the ‘step size’ and the ‘perturbation 

frequency’. For the reference voltage strategy shown in 

Figure 4, the PV operating point fluctuates around the real 

Vmp. This causes the current and output power of the PV 

module to fluctuate. To validate the performance of the P&O 

algorithm employed in this paper, a very low perturbation 

frequency is used to assure that the system can reach the 

steady state. In addition, the step size must be high enough to 

make sure that the control is not affected by the noise and has 

enough effect on the perturbation to change the output power 

for next perturbation decision [27]. 

1. Algorithm performance validation 

In order to validate the performance of the P&O algorithm, 

controller, and experimental setup employed in this paper, a 

step size equal to 4V and the perturbation frequency equal to 

1 Hz are selected. Current and voltage of the PV module are 

captured at G and T equal to 939 W/m2 and 319 K 

respectively. I-V and P-V characteristic curves at this 

operating point are shown on the top and bottom sides of 

Figure 10 respectively. 

Considering the starting point of the algorithm at point 1 in 

32V, the reference voltage is increased by 4 V (which is the 

step) size, moving to point 2 at 36V. Power is now measured 

after this perturbation occurred and because the power is 

decreased, the algorithm must reverse the direction of the 

perturbation. Thus, the reference voltage is decreased by the 

step size and goes back to point 1. In this situation as the 

measured power is increased, the algorithm will keep the 

direction of the perturbation resulting in being at point 3 in 

which the voltage is 28 V. In this case as the power at point 3 

is higher than that at point 1, perturb and observe algorithm 

continues to decrease the reference voltage to point 4 at 24V, 

where output power falls down. As the power decreased, the 

algorithm reverses the perturbation direction by increasing 

the reference voltage to 28 V and comes back to point 3 and 

then point 1 and the sequence is repeated until there is a 

change in the T or G. As can be seen, point 5 is the maximum 

power point and the algorithm fluctuates at this point. This 

procedure assesses and evaluates the performance of the 

algorithm.  

Figure 11 depicts the voltage, current and the power 

delivered by the PV module at the MPP. As can be seen,  

the MPP is approximately 132 W and Vmp and Imp are 

approximately 29.3 V and 4.50 A respectively. It must be 

mentioned that the results are under stable environmental 

conditions (G=939 W/m2 and T= 319 K) and data have 

acquired for 25 seconds.  

 

 

Figure 10.  I-V characteristic curves 

 

Figure 11.  Current, voltage and power for P&O algorithm 

P&O algorithm utilized in this paper is validated and it has 

been shown that the algorithm and the PV testing system can 

perfectly track the MPP. Nevertheless, the optimal values of 

the step size and the perturbation frequency must be found to 

have a better power production. The next subsections are 

devoted to the effect of these two parameters in variable and 

steady-state conditions.  
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2. Effect of algorithm parameters 

To show the importance of algorithm parameters and 

investigate the effect of them on system performance, 

several results have been presented by changing the 

parameters. As it is indicated on the top side of Figure 12, the 

step size is set to 0.5 V and the perturbation frequency kept 

constant at 1 Hz. In comparison with Figure 11, on one hand, 

decreasing the step size has the advantage of lower 

oscillations in steady state conditions. On the other hand, 

system response would be slower in sudden environmental 

changes. For instance, for the first case (see Figure 11), the 

system response to reach the steady state condition is around 

one second; however, in this case (see Figure 12), it is 

approximately 15 seconds. 

Furthermore, as shown on the bottom side of Figure 12, 

the step size kept constant at 0.5 V and the perturbation 

frequency has been changed to 10 Hz. As shown, the system 

is much faster now in reaching the steady state and as it has 

been shown, the time to reach the steady state condition is 

approximately 2 seconds. 

 

 

Figure 12.  Effect of changes in algorithm parameter top (1Hz, 0.5V) and 

bottom (10 Hz, 0.5 V) 

Figure 13 shows the performance of the algorithm   

using the step size and perturbation frequency equal to 4V 

and 10 Hz respectively. Although the response time is 

approximately one second in order to reach the steady state, 

the fluctuations over the MPP results in a very high power 

loss. 

 

Figure 13.  Effect of changes in step size 10 Hz, 4V 

It can be concluded that there must be a trade-off between 

the step size and the perturbation frequency. It is crucial to 

mention that firstly, the perturbation time cannot become 

lower than the settling time of the system response. If this 

happens, the system never reaches the steady state, the 

response is affected by previous perturbations, and further 

decrease in the perturbation time may result in the PI 

controller to lose the stability. Secondly, very low step sizes 

in a practical system might be more affected by noise 

especially in power converters with switching devices that 

make noise. Next subsection dedicated to the procedure of 

finding optimum parameters used in current study. 

3. Algorithm parameters optimization 

The MPP trackers are used to track the maximum power of 

PV modules. Therefore, they must be designed in a proper 

way to force the system work in a highest possible efficiency. 

Different studies report different efficiencies by utilizing the 

P&O MPPT algorithm. The efficiencies are reported as 68% 

to 81.5% in [28] [29]. Therefore, these parameters have a 

crucial effect on the efficiency of the PV system and they 

must be optimized in a proper way. There are not too many 

methods to optimize these parameters. The step size and the 

perturbation frequency have been previously defined in some 

literature by the trial and error method [30]. In a study [31], 

the authors used the duty cycle reference to find the optimal 

values for these two parameters. They assumed that the 

optimum step size is the one that does not make the 

algorithm to be confused with variable solar irradiation 

condition. An equation is derived to calculate the step size, 

which depends on the inherent parameters of the used solar 

cell. The equation also depends on the rate of change in solar 

irradiation, which varies at different times of the day and 

from a solar farm to another. In addition, the cell parameter 

must be calculated in advance because they rarely can be 

found in the manufacturer datasheet. Another method to 

choose the best parameters of P&O is completely described 

and has been employed to optimize the step size and the 

perturbation frequency in this paper. This method is simple, 

and it does not need any previous knowledge about the 

system or the PV module parameters and can be done by 
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some easy mathematical calculations [32].  

As shown in Figure 14, the procedure starts with 

initializing the step size and the perturbation frequency to  

10% of the Vmp at steady state and 1 Hz respectively. The 

Vmp at steady state is 35V, which can be found from the 

specifications of the PV module in the datasheet. The system 

must continue working until the algorithm opeartes in correct 

condition called three level operation. If the operations more 

than three are captured, the perturbation frequency must be 

decreased until the system settled in a steady state. For the 

reference voltage perturbation used in this study, then the 

settling time must be measured. Having the settling time, the 

perturbation frequency can be acquired. In fact, lower 

settling time results in a faster system, especially in dynamic 

responses due to the sudden environmental changes.  

 

Figure 14.  Parameter optimization procedure 

The step size must be chosen in a proper way that has a 

low steady-state error and an acceptable speed of 

convergence, especially in rapid environmental changes. 

Therefore, the transient time of the P&O algorithm for the 

first track must be also taken into account. For the system 

under test, the settling time is measured at approximately 

30ms as shown in Figure 15. 

Therefore, the perturbation frequency can be equal to 30 

Hz. By assuming the transient time equal to 30 mS when the 

algorithm starts working on the open circuit (around 40V) to 

reach Vmp (is considered as 35V from datasheet) results in a 

0.5V as step size. Because there are 10 steps of 0.5V to reach 

Vmp (35V) from Voc (40V). System noise is another factor 

that has a significant effect on the choice of step size. The 

optimized step size must be big enough to assure that the 

algorithm is not confused by the noises produced by the 

switching DC-DC converter. In this study, as the algorithm 

starts from the point very close to the Vmp, these parameters 

guarantee that the algorithm does not confuse in any case. 

Next section is dedicated to the evaluating of the 

optimized P&O algorithm under stable and variable 

environmental conditions. 

 

Figure 15.  P&O Performance in tracking the reference voltage 

4. The performance under stable and unstable environmental 

condition  

To assess and validate the algorithm with optimized 

parameters, the system forced to work in the clear and 

variable weather for 600 seconds. Figure 16 shows the 

performance of the algorithm for a clear sky day. As shown 

in Figure 16, the PV testing system and the designed P&O 

algorithm can perfectly track the MPP in stable 

environmental condition. The test has been conducted for G 

and T equal to 939 W/m2 and 319 K respectively for the 

power up to 128 W. 

 

Figure 16.  Performance of P&O algorithm in constant environmental 

condition 

To show the performance of the algorithm under variable 

conditions, the test is conducted for 600 seconds. Fig. 17 

shows T and G captured during the test. Ac can be seen, T 

varies in between 307.1 K up to 310.8 K and G is in the 

interval between 260 W/m2 and a bit less than 1200 W/m2. 
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Figure 17.  Module temperature(top) and solar irradiation (bottom) 

Figure 18 depicts the current, voltage and power during 

the test. As can be seen, the algorithm can perfectly track the 

maximum power point in variable environmental conditions.  

 

Figure 18.  P&O algorithm performance in variable environmental 

condition 

5. Performance Evaluation of IC 
Algorithm 

The same procedure of testing and evaluating used for 

P&O algorithm has been done to evaluate the performance of 

the IC algorithm. Another test for 600 seconds have been 

done under stable and variable environmental conditions 

showing that the IC algorithm and the PV testing system 

employed in this paper can accurately track the MPP.  

1. Algorithm performance validation 

The perturbation frequency and the step size are set to 

1HZ and 4V. The test has been conducted over a stable 

period of time and the module temperature and solar 

irradiation were measured at 315 K and 887 W/m2. I-V and 

P-V characteristic curves at the above operating point are 

shown in Figure 19. 

 

 

Figure 19.  I-V curve (top) P-V curve (bottom) 

 

Figure 20.  Current, voltage and power for IC algorithm 
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Figure 20 shows the voltage, current and the power 

delivered by the PV module at the MPP. As can be seen, the 

measured power is approximately 124.42 W and the Vmp and 

Imp are 30.09 V and 4.13 A respectively. 

The IC MPPT algorithm employed in this paper is 

validated and showed that the algorithm can precisely track 

the MPP. The next subsections are discussing the effect of 

the step size and perturbation frequency on the dynamic and 

steady-state conditions.  

2. Effect of perturbation size and step size and the optimal 

values 

Two different tests have been conducted with different 

step sizes and perturbation frequencies. In addition, the 

dynamic responses of the algorithm in different cases are 

compared using different step sizes and MPPT frequencies. 

As it is indicated in Figure 21, the step size is set to 0.5 V for 

both cases and the perturbation frequency is changed and set 

to 1 Hz and 10 Hz for individual tests. These tests have been 

shown on the top and bottom side of Figure 21.  

 

 

Figure 21.  Effect of changes in fp 1Hz and 0.5v and 10 Hz 0.5V 

On one hand, lower the step size, lower the oscillations in 

steady state condition. On the other hand, system response 

would be slower in sudden environmental conditions. For G 

and T equal to 887 W/m2 and 315 K respectively, the system 

response to reach the steady state reported as approximately 

15 s and 1 s. As it was expected, the system is much faster 

when the perturbation frequency is higher. 

Figure 22 depicts the IC algorithm performance with the 

step size and perturbation frequency set to 4V and 10 Hz 

respectively. Although the response time is approximately 

0.5 second in order to reach the steady state, the fluctuations 

in the MPP results in power loss as the points are far from the 

MPP. As can be seen, the IC algorithm is quite faster than 

P&O in dynamic point of view as the convergence for the 

P&O algorithm is reported as 1 seconds for the same testing 

condition. 

 

Figure 22.  Effect of changes in step size 10 Hz and 4v 

For the IC algorithm, the simple method of finding the 

optimized parameters described completely in the previous 

section has been used. As shown in Figure 15, for the system 

under test, the settling time is measured at approximately 30 

ms and therefore, the MPPT frequency must be equal or 

more than 30Hz. The same procedure done for the P&O 

algorithm, the step size set to 0.5 V. Next section is dedicated 

to the performance of optimized IC algorithm under stable 

and variable environmental conditions. 

3. IC performance under different environmental condition  

To test and evaluate the optimized algorithm the system is 

forced to work for 10 minutes for two different cases. The 

first case, which is the clear day and the result, is depicted in 

Figure 23.  

 

Figure 23.  IC Performance at the stable environmental condition 
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To evaluate the algorithm under variable environmental 

conditions, the test is done for 10 minutes and Figure 24 

depicts the G and module T in the mentioned condition. As 

can be seen, the temperature variation on PV module is low; 

however, irradiation varies between 580 W/m2 and 1200 

W/m2. 

 

 

Figure 24.  Module temperature (top) and solar irradiation (bottom) 

 

Figure 25.  IC algorithm performance in variable environmental condition 

Current, voltage and power measured during the test are 

captured and plotted in Figure 25, which shows the algorithm 

can track maximum power point in a good performance. The 

results show an acceptable performance of the IC algorithm 

and the proposed testing system under stable and variable 

environmental conditions. 

6. Conclusions 

This paper presents an experimental PV testing system 

design and development, which has the capability of 

embedding different types of MPPT algorithms in order to 

evaluate their performances. The testing system for PV 

application has been developed according to some 

constraints such as flexibility and ease of use, low cost, 

capability of algorithms simulation, and capability of 

tracking MPP on the base of different MPPT algorithms 

using a DC-DC power converter. 

P&O and IC algorithms performances have been 

investigated individually. The algorithms parameters such as 

step size and perturbation frequency have been firstly 

changed to show the system performance in changing the 

algorithms parameters. Then the procedure to find the 

optimum value of the parameters is discussed.  

Finally, both algorithms performances have been 

evaluated during a 600 seconds test under stable and variable 

environmental conditions. The experimental results show 

that although IC has a faster response in dynamic condition, 

both MPPT algorithms using the optimized parameters can 

perfectly track the MPP and the developed experimental 

system is a flexible and low-cost system to evaluate the 

MPPT algorithms performances.  
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