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ABSTRACT 

Every solar panel has a maximum operating power. However, when solar panels are directly 

connected to a battery, the panels are usually forced to operate at the battery voltage. This is almost 

always below the maximum power point of the panels, thereby causing panel under-utilization. To 

overcome this problem, maximum power point trackers (MPPT) have been developed. In this thesis, a 

technical comparative analysis is done between two commonly implemented MPPT (Perturb & Observe 

and Incremental Conductance) algorithms to ensure efficient maximum power point tracking. This is 

done by modelling a maximum power point tracker (MPPT) and integrating it into a PV system in the 

MATLAB/SIMULINK environment. These two direct MPPT algorithms are then implemented under 

changing solar irradiation and load conditions. From the simulations, when starting from 0 second, the 

P&O algorithm reaches the Pmpp of 1969 W at 26ms, while INC reaches the Pmpp of 1965 W at 49ms. In 

addition, when there is a change in the AC loads connected to the PV system, it took exactly 35ms for 

both algorithms to reach the Pmpp of 2488 W. However, when both algorithms reached their Pmpp values, 

INC shows more stability than the P&O. The P&O shows ripples even at steady irradiance states, 

although the ripples are more evident when the irradiance is changing. From the results displayed, it 

can, therefore, be concluded that the P&O algorithm will be more suited to applications where attaining 

the Pmpp within a relatively short time is a necessity, while INC should be applied where performance is 

of great importance. 
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1.  INTRODUCTION 

 

The advantages of solar power or photovoltaic over other non-renewable energy sources 

are numerous. Solar power is also known to have advantages over renewable energy sources 

like wind and water, as its operational and maintenance costs are less [1]. Although the energy 

from solar is clean and abundant in source, it is limited to energy production only when there 

is sunshine [2]. The use of photovoltaic panels coupled with a battery for energy storage is a 

common practice used for overcoming the solar challenges of sunshine limitations, however, 

the high installation costs of solar panels, low conversion efficiency of electrical power 

generation especially under low irradiation conditions, and the amount of electric power 

generated by solar arrays which changes continuously with weather conditions constitute a 

barrier to achieving the full potentials of solar power [3, 4].  It is therefore essential to maximize 

the utilization of the arrays to make solar power viable for use. Every solar panel has a 

maximum operating power it can attain. However, when solar panels are directly connected to 

a battery, the panels are usually forced to operate at the battery voltage which is almost always 

below the maximum power point of the panels, thereby causing the panels to lose some of its 

power generating capability, which would finally result to underutilization of panels [5]. To 

overcome this problem, maximum power point trackers (MPPT) have been developed. 

Researchers have developed different MPPT algorithms to ensure that photovoltaic systems 

always operate at maximum power. 

There are many MPPT strategies that are available [6-14] for different converter 

topologies, which provide high performance tracking during “nice” weather conditions, i.e., at 

strong and stable solar irradiation and no partial shadowing [15]. Several papers on MPPT have 

been published to demonstrate the importance of this paper.  

In [16] Salas et al. reviewed the state of art of MPP algorithms. The direct and indirect 

methods of tracking MPP were developed. Salas et al. also came to a conclusion that other 

methods exist apart from the direct and indirect methods for tracking MPP of a PV generator. 

Sullivan and Powers [15] presented an MPPT technique that considers a PV system with nine 

modules each separately connected to an MPP tracker, used for powering electric racing cars. 

The output links are connected in parallel for recharging of battery. The experimental vehicle 

has six PV modules divided in nine sections; each one is connected separately to an MPP tracker 

and the output links are parallel-connected in order to recharge the battery. Enslin and Snyman 

[17] presented a simplified technique for control which is based on the positive feedback effect 

of the output current flowing from low-power MPPT converters.  Ibrahim et al. [18] introduced 

a pumping system which is powered by the connection of a PV arrays and a buck converter 

acting as a MPPT.  Ibrahim et al. compared the output voltage and the open-circuit voltage to 

determine the exact voltage across the PV module [18]. Hsiao and Chen [19] presented a MPPT 

algorithm which analyses ripple around the maximum power point through comparison of the 

three points of the power curve [19]. Nordin and Omar [20] validated user-friendly and generic 

PV array and MPPT models which are based on mathematical expressions and various circuit 

approaches. The model of the PV array system uses temperature and irradiance as the input 



World Scientific News 131 (2019) 123-146 

 

 

-125- 

parameters and provides the associated characteristic curves [20]. Rani et al. [21] gave a 

description on partial shading of PV modules and its effects on the MPPT. Rani et al. explained 

that partial shading which can be caused trees, moving clouds, buildings and poles can change 

the PV characteristics with multiple peaks significantly decrease the output power of PV arrays 

when PV cells/modules are shaded [21]. Parallel connection of PV cells and modules for the 

avoidance of partial shading effects is a good solution, although it restricts low and medium 

power applications because of the number of converters and components that are needed for 

power increment [22]. Koutroulis and Blaabjerg [22] introduced distributed MPPT (DMPPT) 

where a dc-dc power converter with MPPT controller and separate PV string modules are 

integrated thereby causing an increase in the total available power of the array [22]. Fakhfakh 

et al. [23] proposed a control technique applied to a grid-connected PV system consisting of a 

PV module, a dc-dc converter, and a dc-ac converter. The control technique involves the dc-dc 

converter acting as an MPPT while the principle of hysteresis drives the dc-ac converter [23]. 

Brea et al. [24] presented an implementation of a maximum power point tracker, based on 

reaching a reference open circuit voltage, using a sliding mode controller to control the duty 

cycle of a DC-DC converter in order to force the PV module to operate at its maximum power 

point, for a given temperature and irradiance, to improve the utilization of the produced energy 

when connected to a load. 

Pathare et al. [25] presented the operation of a PV solar panel, designing the MPPT with 

perturb and observe algorithm and implementing it by using a buck DC-DC Converter. Sahu et 

al. [26] used the Levenberg-Marquardt method to estimate the maximum power point in a PV 

array under different environmental conditions like temperature and solar irradiation. The 

single-diode-based model of the PV module and related parameters obtained from the 

manufacturer’s datasheet were used for estimation uses and the related parameters.  

The INC MPTT algorithm usually uses a fixed iteration step size which is determined by 

the accuracy and tracking speed requirement. Thus, the corresponding design should 

satisfactorily address the trade-off between the dynamics and steady state oscillations. To solve 

these problems, Liu et al. proposed a modified INC MPPT with variable step size [27]. 

Two commonly implemented MPPT algorithms are the incremental conductance (INC) 

and perturb & observe (P&O) algorithms. D. Sera et al. [28] suggest that both algorithms are 

the same and none is better than the other. This has always necessitated the need for further 

research to determine the best of the two MPPT algorithms to ensure the photovoltaic system 

operate at maximum power. 

As observed from the reviewed literature, numerous approaches have been proposed to 

achieve MPPT in PV systems. However, few works are dedicated to the performance 

comparison of existing techniques, this study therefore helps to determine the best MPPT 

technique between two commonly implemented MPPT techniques and to ensure that any 

photovoltaic system always operates at maximum power. 

 

 

2.  METHODOLOGY 
 

To solve the above stated problem, a maximum power point tracker (MPPT) with two 

different MPPT algorithms would be modelled and integrated into a PV system in the 

MATLAB/SIMULINK environment. These two direct MPPT algorithms would be 

implemented under changing solar irradiation and load conditions. The rate at which the 
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maximum power point is attained, steady state behaviours and response to change in loads 

would be simulated, observed and reported. 

 

2. 1. Perturb and Observe MPPT control 

The Perturb and Observe (P&O) algorithm implemented in this work is shown in the 

flowchart of Figure 1. It can be seen from the flowchart that the inputs needed to ensure that 

the open circuit voltage (Voc) of the photovoltaic (PV) module is as close as possible to the 

maximum power point voltage (Vmpp) are the current voltage (Vpv) and current (Ipv) of the PV. 

Mathematically, the maximum power point is reached when: 

 
𝑃𝑘−𝑃𝑘−1

𝑉𝑘−𝑉𝑘−1
= 0                                                   (1) 

 

where 𝑃𝑘 and 𝑉𝑘 are the power and voltage at the actual sampling period; 𝑃𝑘−1 and 𝑉𝑘−1 are the 

power and voltage at the previous sampling period. If the rate of change in power from the 

previous sampling time and the current sampling time is not the same as the rate of change in 

voltage from the previous sampling time and the current sampling time, then the voltage of the 

PV is not at Vmpp and hence, needs to be changed. The direction of change depends on the 

previous direction of change of the Vpv, either to increase the voltage or decrease the voltage. 

If 𝑃𝑘 − 𝑃𝑘−1 > 0, then the direction of the next perturbation should be in the direction of the 

previous perturbation. And if 𝑃𝑘 − 𝑃𝑘−1 < 0, then the direction of the next perturbation should 

be in the reverse of the previous perturbation. 

In the algorithm implemented in this work, it is assumed that if there is no change between 

the previous sampled power (𝑃𝑘−1) and the current sample power (𝑃𝑘), then there is no change 

between the previous sampled voltage (𝑉𝑘−1) and the current sampled voltage (𝑉𝑘). 
The implementation of the algorithm is as shown in Figure 2. The inputs are fed into a 

MATLAB function block that executes the algorithm. The associated m-file can be found in 

appendix A.1. 

The change in voltage by which the Vpv will be perturbed (D) is initialized to 0.7V. The 

PV voltage before iteration (Vprev) is initialized to 190V while the previous power before the 

start of iteration (Pprev) is initialized to 2000W. D is changed depending on the value of the 

current PV voltage (Ppv) by 0.0025V, where D cannot be less than 0 or greater than 1. This 

limitation is imposed by the saturation block Figure 3. The change in voltage is incremented or 

decremented by 0.0025 in order improve the rate of convergence, i.e. the point at which the 

maximum power point is reached. 

The P&O algorithm developed is then tested in a PV system. This algorithm is 

implemented the charge controller of the system, called DC-DC buck controls. In addition to 

the charge controller module, the system consists of an array of PV module, DC-DC buck 

converter and DC-AC inverter. The output of the inverter is used to power 3-phase AC loads. 

The blocks connections are as shown in Figure 4. 

The radiant flux power received by the surface of the array of PVs per unit area, in watt 

per square metre (W/m2), is modelled by the signal builder source block. It varies over one 

second (1 s) period and between 600 W/m2 and 1000 W/m2 as shown in Figure 5. This shows 

that the irradiance is stable at three different levels: 600 W/m2 (0.3–0.5 s), 800 W/m2 (0–0.2 s) 

and 1000 W/m2 (0.7–0.9 s). 
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The exploded view of the PV array is shown in Figure 6. The PV panels used in this work 

consist of 360 cells. Two such panels are used in this work. A single cell PV is then used to 

calculate the nominal open circuit voltage (Voc) at the maximum irradiance power possible 

(1000 W/m2). 

The irradiance used for measurement is 1000 W/m2 and the parallel resistance of each PV 

cell is 1000 Ω. The single PV cell used for calibration of the Voc is shown on the left side of 

Figure 7 while the specified parameters for each of the PV panels consisting 360 cells is on the 

right. 

The reference Voc, VPV, and IPV are selected from the multiplexed output signal as the 

inputs into the charge controller, where the P&O algorithm is implemented. The signals are first 

conditioned by passing each of them through low-pass filters. The output from this block is 

then fed into the DC-DC converter. 

The DC-DC converter is implemented with an average voltage bridge as shown in Figure 

8. The output of this block is then fed into the DC-AC inverter. 

The DC-AC inverter is also implemented with the average voltage bridge as shown in 

Figure 9. The output of the inverter is fed into AC loads separated by a circuit breaker which is 

initially opened and closed at 0.8 second. The loads are active loads with 3000 W and 1000 W. 

 

2. 2. Incremental conductance MPPT control 

Figure 10 shows the flowchart for the incremental conductance (INC) MPPT control 

algorithm implemented in this work. The inputs into the INC algorithm are the PV voltage (Vpv) 

and current (Ipv), as shown in Figure 11. 

Unlike P&O algorithm, the maximum power point of the PV is reached when 

 
𝐼𝑘−𝐼𝑘−1

𝑉𝑘−𝑉𝑘−1
+

𝐼𝑘

𝑉𝑘
= 0                                                          (2) 

 

𝐼𝑘 and 𝑉𝑘 are the current and voltage at the actual sampling period while 𝐼𝑘−1 and 𝑉𝑘−1 are the 

current and voltage at the previous sampling period. 

The inputs are fed into a state flow chart block as shown in Figure 11 while the exploded 

view of the block is as shown in Figure 12. The voltage increment is limited between 0 and 1 

with the saturation block. 

The INC algorithm is tested with the same PV system used for the P&O algorithm as 

described in section 3.2. The associated m-file can be found in appendix A.1. 

 

 

3.  RESULTS PRESENTATION 

3. 1. Perturbation and observation MPPT control 

Figure 13 shows the graphs of Impp, Vmpp, and Pmpp for the P&O algorithm. The outputs 

of each by the DC-DC converter are also super-imposed, in blue colour. The Pmpp values are 

2488 W, 1964 W and 1445 W at 1000 W/m2, 800 W/m2 and 600 W/m2 irradiance respectively. 

The maximum power point changes with change in irradiance as expected. It is also observed 

that the system becomes unstable for a period of time at 0.8 second. This is when the AC load 

connected to the system increases by 1000 W – the point at which the connected breaker is 

closed. 
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Figure 14 shows the AC output waveforms that are fed into the AC loads. It can be seen 

that the reactive power supplied to the load is 0 Var. The power supply to the load varies with 

the irradiance when the load is kept constant. However, when the load is increased from 3000 

W to 4000 W, the system undergoes a transient state before recovering from the instability. At 

the point of change in load, when the circuit breaker closes, there is a surge in the current 

supplied to the load while no notable difference is observed in the 3-phase supplied voltage. 

The active power also surges up to compensate for the increase in load. 

 

3. 2. Incremental conductance MPPT control 

Figure 16 shows the graphs of Impp, Vmpp, and Pmpp for the INC algorithm. The outputs 

of each by the DC-DC converter are also super-imposed, in cyan colour. Figure 15 shows the 

waveform fed into the AC loads from a PV system with INC MPPT controlled. 

 

3. 3. Comparisons between P&O and INC MPPT control systems 

 

Table 1. Comparison of P&O and INC algorithms with varying irradiance and loads. 

 

Sampled 

Time (s) 

Irradiance 

(W/m2) 
State 

Load 

(kW) 
VMPP (V) PMPP (W) 

    P&O INC P&O INC 

0.00 800 Start 3 189.9 189.9 2659 2656 

0.05 800 Stable 3 190.7 189.0 1954 1964 

0.10 800 Stable 3 192.5 188.9 1948 1964 

0.15 800 Stable 3 189.2 188.2 1957 1963 

0.20 800 Stable 3 186.5 188.5 1958 1963 

0.25 700 Changing 3 186.2 184.2 1709 1697 

0.30 600 Stable 3 181.5 182.6 1441 1443 

0.35 600 Stable 3 182.5 183.3 1441 1444 

0.40 600 Stable 3 184.8 186.4 1441 1446 

0.45 600 Stable 3 187.2 184.1 1438 1441 

0.50 600 Stable 3 190.4 185.8 1429 1444 

0.55 700 Changing 3 175.6 190.6 1666 1697 

0.60 800 Changing 3 200.4 190.0 1879 1960 

0.65 900 Changing 3 198.2 192.0 2189 2225 
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0.70 1000 Changing 3 197.8 199.4 2460 2442 

0.75 1000 Stable 3 211.3 211.4 2111 2103 

0.80 1000 Stable 4 212.2 212.3 2061 2060 

0.85 1000 Stable 4 185.0 185.0 2473 2473 

0.90 1000 Stable 4 169.7 169.7 2340 2340 

0.95 900 Changing 4 159.2 159.2 1991 1991 

1.00 800 End 4 186.0 173.9 1963 1901 

 

 

Figure 17 shows the P&O waveforms while Figure 18 shows INC waveforms. Starting 

from 0 second, it takes 26 milliseconds for the P&O to reach the Pmpp of 1969 W while it takes 

49 milliseconds for the INC to reach the Pmpp of 1965 W. It can therefore be deduced that the 

P&O reaches the Pmpp faster than the INC when both are starting from time 0 second. 

However, when both algorithms have reached their Pmpp values, INC shows more stability 

than the P&O. The P&O shows ripples even at steady irradiance states, although the ripples are 

more evident when the irradiance is changing  

When there is a change in the AC loads connected to the PV system, it took exactly 35 

milliseconds for both P&O and INC MPPT controls to return to the Pmpp of 2488 W. Ripples 

are also observed in the active power supplied to the connected AC loads of the P&O algorithm 

as shown in Figure 19 & 20. 

It can therefore be concluded that P&O algorithm will be more suited to applications 

where attaining the Pmpp within a relatively short time while INC should be applied where 

performance is of great importance. 

Table 1 shows the comparison in VMPP and PMPP for the P&O and INC algorithms under 

different irradiance and loads. The sampling period step in the table is 0.05 second within 1 

second simulation time. Table 1 shows that under stable condition of the irradiance and constant 

load, the change between successive measurements of the VMPP and PMPP is significant. Also, 

the PMPP of the INC is closer to the expected PMPP. These values are 2,488 W, 1,964 W, and 

1,445 W for 1,000 W/m2, 800 W/m2 and 600 W/m2 respectively.  

Furthermore, the INC algorithm PMPP is higher than that delivered by the P&O algorithm 

when the irradiance is stable. It was however observed that the P&O delivers less power when 

the irradiance is changing and decreasing, for instance from 800 W/m2 to 600 W/m2 (0.2 

through 0.3 seconds), and more power when the irradiance is changing and increasing, for 

instance from 600 W/m2 to 1000 W/m2 (0.5 through 0.7 seconds). Hence, INC is more efficient 

than P&O especially when the irradiance is stable. 

 

 

4.  CONCLUSION AND RECOMMENDATIONS  

4. 1. Summary of findings 

The results obtained have shown that: 
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I. The P&O algorithm reaches Pmpp faster than the INC algorithm when both starting from 

0 second. Also, under load changing conditions, they both reach Pmpp at the same time.  

II. The INC algorithm is more stable than P&O for both steady and changing irradiance 

conditions.   

III. The INC algorithm PMPP is higher than that delivered by the P&O algorithm when the 

irradiance is stable.  

IV. The P&O delivers more power when the irradiance is changing and decreasing, and 

less power when the irradiance is changing and increasing. Hence, INC is more efficient 

than P&O especially when the irradiance is stable. 

 

4. 2. Conclusions 

A comparative loading analysis of two direct MPPT algorithms (P&O and Incremental 

conductance algorithms) are implemented under changing solar irradiation and load conditions. 

This entailed observing the rate at which the maximum power point is attained, steady state 

behaviours and the response to change in loads.  

From the results obtained, it can therefore be concluded that P&O algorithm will be more 

suited to applications where attaining the Pmpp within a relatively short time while INC should 

be applied where performance is of great importance. 

 

4. 3. Future studies 

This project opens new lines of development. Since it has been observed that P&O 

algorithm reaches Pmpp faster than the INC algorithm; and the INC algorithm is more stable and 

hence provides better performance, it is possible to develop an algorithm combining both the 

P&O and INC algorithms to cater both for speed and efficiency of the MPPT.  

 

4. 4. Recommendations 

Considering both speed and performance of a maximum power point tracker (MPPT), I 

recommend that an algorithm incorporating both the P&O and INC algorithms be developed 

and implemented. 
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Figure 1. Flowchart of the Perturb & Observe algorithm. 
 

 
 

Figure 2. MATLAB implementation of the P&O algorithm. 
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Figure 3. Limitation of the change in PV voltage bounded by the saturation block within  

0 & 1 limits. 
 

 
 

Figure 4. PV system to test the P&O algorithm. 
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Figure 5. Change in irradiance between 600 & 1000 W/m2 within 1 second. Modelled with 

the signal builder block 

 

 

 
 

Figure 6. Exploded view of the PV array with VOC calibration 
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Figure 7. Parameter settings for a single PV cell and PV panels 

 

 

 

 
 

Figure 8. Implemented DC-DC converter 
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Figure 9. Implemented DC-AC inverter 

 

 

 
 

Figure 10. Flowchart of the incremental conductance MPPT control 
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Figure 11. MATLAB Implementation of INC algorithm showing the VPV and IPV inputs 

 

 

 
 

Figure 12. The exploded view of INC algorithm using SIMULINK state flow 
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Figure 13. PV MPP (magenta) and DC-DC (cyan) converter measurements 
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Figure 14. Waveform of the output from the DC-AC inverter 
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Figure 15. Current, Voltage, Active and Reactive power supplied to the AC loads  

using INC MPPT controller 
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Figure 16. INC MPPT controlled PV waveforms with DC-DC converter (cyan) imposed 
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Figure 17. P&O maximum power point tracking waveform 
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Figure 18. INC maximum power point tracking waveform 
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Figure 19. P&O active and reactive power supply 



World Scientific News 131 (2019) 123-146 

 

 

-146- 

 
 

Figure 20. INC active and reactive power supply 


