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ABSTRACT 

 

 
In the present time, humans try to research ways to make life as easy and convenient as possible. 

Thus, there is a growing interest in making everyday devices as small and as lightweight as 

possible. Consequently, there has been an increase in portable electronic devices and IoT. With 

this type of innovations, an increase in small portable devices is expected, that look to make the 

human lifestyle as practical as possible.  

Portable devices are generally low power equipment, this enables the possibility of 

powering these through renewable energy. Since most of the renewable energies have low 

power density, the most appealing resource is the solar energy, being that the power density of 

the photovoltaic energy stands out when compared to the others. Since the use of raw 

renewable energy is not suited to direct utilization a DC-DC converter is required to adapt and 

boost the voltage fed to the device. Finally, it is required a MPPT technique so that the PV cell 

can function at its peak efficiency, in order to maximize the low energy available. Therefore, this 

thesis proposes the analyse of two different MPPT methods (Perturb & Observe and Incremental 

Conductance) and in both performances. 

The MPPT methods were tested with the PV cell subjected to different irradiations 

(1000𝑊/𝑚2, 750𝑊/𝑚2 and 500𝑊/𝑚2, with 25℃) and temperatures (35℃, 25℃ and 15℃, 

with 1000𝑊/𝑚2).  

The system with the Perturb & Observe technique obtained an efficiency of 99.39% 

with 1000𝑊/𝑚2, 99.97% with 750𝑊/𝑚2 and 75.11% with 500𝑊/𝑚2, while maintaining an 

efficiency above 99.30% with the different temperatures. Finally, using the Incremental 

Conductance technique obtained an efficiency of 99.57% with 1000𝑊/𝑚2, 88.08% with 

750𝑊/𝑚2 and 62.88% with 500𝑊/𝑚2, while maintaining an efficiency above 99.04% with 

the different temperatures. The results demonstrate that both methods used are suitable to 

implement with harvesting systems of portable devices.  

 
Keywords: Maximum Power Point Tracking, Maximum Power Point, Photovoltaic cells, 
Boost DC-DC converter. 
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RESUMO 

 
Atualmente, a humanidade tenta procurar maneiras de fazer com que o dia a dia seja o mais 

fácil e conveniente possível. Deste modo, existe interesse em fazer com que os dispositivos 

utilizados diariamente se tornem o mais leve e pequeno possível. Consequentemente, esta 

procura faz com que tenha havido um grande aumento de dispositivos eletrônicos portáteis e 

IoT. Assim sendo, o aumento da utilização de dispositivos eletrônicos portáteis é previsto, de 

modo a que o estilo de vida humano se torne o mais facilitado possível. 

 Dispositivos elétricos portáteis por norma são equipamentos de baixa potência, 

possibilitando que estes sejam alimentados através de energias renováveis. Visto que a maior 

parte das energias renováveis apresenta baixa densidade de potência, a fonte renovavel mais 

atrativa é a energia solar, visto que esta apresenta a maior densidade de energia quando 

comparada a outras. Dado que, a energia recolhida por fontes renováveis não é adequada para 

utilização direta, a aplicação de um conversor DC-DC é necessária de modo a adaptar e levantar 

a tenção recebida para alimentação de um dispositivo eletrónico. Finalmente, será necessária 

uma técnica MPPT de modo a que a célula fotovoltaica possa funcionar com máximo de 

eficiência, de modo a que seja maximizada a energia disponível. Deste modo, esta tese propõe 

a análise de dois diferentes métodos MPPT (Perturbar & Observar e Condutância Incremental) 

e suas performances. 

 Os métodos MPPT foram testados com uma célula fotovoltaica subjugada a diferentes 

valores de irradiação (1000𝑊/𝑚2, 750𝑊/𝑚2 𝑒 500𝑊/𝑚2, 𝑎 25℃) e temperatura 

(35℃, 25℃ 𝑒 15℃, 𝑎 1000𝑊/𝑚2). 

 O sistema com o método Perturbar & Observar obteve uma eficiência de 99.39% a 

1000𝑊/𝑚2, 99.97% a 750𝑊/𝑚2 e 75.11% a 500𝑊/𝑚2, mantendo sempre uma eficiência 

superior a 99.30% com as diferentes alterações de temperatura. Finalmente, usando o método 

de Condutância Incremental obtiveram-se eficiências de 99.57% a 1000𝑊/𝑚2, 88.08% a 

750𝑊/𝑚2 e 62.88% a 500𝑊/𝑚2, mantendo sempre uma eficiências superior a 99.04% com 

as diferentes alterações de temperatura. Os resultados demonstram que ambos os métodos são 

adequados para implementação com sistemas de recolha de dispositivos portáteis. 

 Palavras Chave: Localização de Pontos de Potência Máxima, Pontos de Potência Máxima, 

Células Fotovoltaicas, Conversor Boost DC-DC. 
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CHAPTER 1 

1 INTRODUCTION 

 

1.1 Motivation and context 

With the introduction of the 21st century there has been an increase in the daily use of 

electronic devices that make possible the improvement of the human life, consequently the 

average person owns around six of these devices [1], such as smartphones, tablets, smart 

watches and computers. 

Therefore, there is interest in methods that allow the operation of the portable electronic 

devices without the need of connection to the power grid, neither the regular replacement of 

batteries, making the use of renewable energy appealing. 

As the interest of the harvest of renewable energy is at its peak, there has been the 

development of various sources to gather it [2], such as photovoltaic [3], thermoelectric [4], 

piezoelectric [5] and electromagnetic energy [6]. 

Despite the great abundance of procedures to harvest renewable energy these kinds of 

methods generally feature low energy density. Therefore, generally if one is used it is required 

the use of a Power Management Unit to provide as a constant voltage source, making the system 

capable of self-sustainability. This PMU will use a DC-DC converter, allowing a step up of the 

voltage received from the energy harvesting method.  

Furthermore, since the energy available to the system is generally low it is essential that 

the harvesting method can perform at its MPP, therefore a Maximum power Point Tracking 

method (MPPT) is generally implemented to boost up efficiency. 

By combining the previous technologies, it is possible to create a system capable of 

feeding a low power device through renewable energy. 
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1.2 Specifications 

This project aims to find among the different techniques an adequate MPPT method capable to 

be Integrated in a system similar to the previously mentioned, therefore the MPPT technique 

must be able to operate with low power as well as be sensitive enough to adapt to the 

environment in which the PV cell will operate maintaining the harvesting procedure near MPP. 

 Hence, It is proposed a system that harvests energy through a small photovoltaic panel, 

the voltage will be then increased by a boost DC-DC, where finally a MPPT technique will serve 

to control the system maintaining it with high efficiency. The simplified block diagram of the 

system can be seen in the Figure 1.1. 

 

 

 

 

 

 

 

 

 

1.3 Organization 

This dissertation is organized in five chapters. The first chapter explains the motivation and 

specifications for the two proposed MPPT methods. In the second chapter, the different types 

of basic DC-DC converters and different MPPT techniques are analysed and studied. In the third 

chapter, the specifications and performance of the PV cell and the boost DC-DC used are 

exhibited, furthermore the two MPPT techniques models are conveyed. In the fourth, are 

represented the result of both MPPT models, furthermore a model where no MPPT technique 

is used so that comparison can be provided for the developed systems. In the last one, the 

conclusions are shown and future perspective for the models are proposed.   

 

 

 

 

Figure 1.1 - Block diagram of the proposed system 

PV Panel 

Vin DC 

DC 

MPPT 

Vout 
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1.4 Main Contributions 

This work aims to look into two different MPPT methods able to function with a boost DC-DC in 

a low power system. Its components, such as the PV cell, DC-DC converters and MPPT methods 

used to simulate the system are developed and explained. The main contributions of this work, 

are: 

• The research into the properties that make the use of MPPT methods 

advantageous as well as their drawback, the properties required to a MPPT 

technique when paired with a low power system, and the development of the 

methods Perturb & Observe and Incremental Conductance. 

 

• The Perturb & Observe technique implemented with a PV cell and a boost DC-DC 

with efficiencies from 99.97% to 75.11%. 

 

• The Incremental Conductance technique implemented with a PV cell and a boost 

DC-DC with efficiencies from 99.91% to 62.88%. 

 

• Model controlled by direct duty cycle with a PV cell and a boost DC-DC with 

efficiencies from 99.91% to 55.19%. 

 

• A result comparison between the proposed Methods (Power, maximum voltage 

output, efficiency, etc.). 
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CHAPTER 2 

2 STATE OF THE ART 

 

As previously mentioned, the energy to be used in this project is provided by the ambient, and 

generally this kind of raw energy is not suitable to power electronic circuits, meaning there is a 

need to stabilize, increase (boost operation) or decrease (buck operation) the voltage to meet 

the requirements of the circuit powered by it. 

Since the energy available in the process is rather low there is a necessity in achieving the 

maximum efficiency possible, therefore the implementation of a MPPT controller is desirable. 

In this chapter different types of basic DC-DC converters and MPPT controllers will be 

reviewed, analysing their main proprieties.  

 

2.1 Basic Voltage Converters 

As the name implies a voltage converter will have the task of transforming a voltage into 

another, this ability makes the paring with renewable energy harvesting technology a good 

combination, as it has the ability to stabilize and adapt the energy received, protecting the 

devices from overload voltages by decreasing or increasing the voltage to the needs of the 

device in use. In the case of this work, a PV based system, pairing a voltage converter with a 

MPPT algorithm will enable the PV cell to achieve the optimal power operation [34]. 

This usefulness has pushed the development of several types of voltage converters, that 

can be distinguished in two different categories, linear converters and switched converters. 

This project uses a switched inductive boost DC-DC converter, since a single inductor can 

be used in a voltage converter to obtain a desirable voltage without loss in efficiency and without 

the need to several phases, as can be seen in this chapter.   
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2.1.1 Linear converters 

Linear voltage converters are the simplest types of converter, being its only purpose to decrease 

the input voltage to a set output voltage that is kept constant by a controller circuit. 

 This kind of converter can be implemented in a shunt or series topology, where the 

surplus of energy is dissipated by a load.  

As implied by the name, in the series topology the regulator load is connected in series, between 

the input and the load. The converter will act as if it was a variable resistor 𝑅𝑠, modifying the 

voltage 𝑉𝑖𝑛 into a desired 𝑉𝑜𝑢𝑡. When the load 𝑅𝐿 shows variations the controller circuit 

readjusts its resistance value (𝑅𝑠), so that 𝑉𝑜𝑢𝑡 is kept to a constant value. The value of 𝑉𝑜𝑢𝑡 is a 

predetermined value so that the controller circuit can readjust 𝑅𝑠.  

 Since linear converters only decrease the input voltage, it will naturally achieve a higher 

efficiency the smaller the difference of the input and output voltages, as the value is the ratio 

between these voltages (𝑉𝑜𝑢𝑡/𝑉𝑖𝑛).  

This kind of converter is shown in the Figure 2.1. 

 

Figure 2.1 - Linear series converter 

 

In the shunt method there is a regulator load that is placed in parallel with the load. In 

this method there is a necessity of a resistor 𝑅𝑖𝑛 between the input voltage and the regulator 

load as represented by the Figure 2.2. This resistor can be either the output resistance of the 

source supplying, an added resistor or the combination of both. 

As the previous topology, the controller circuit will allow constant output voltages, while 

load variations might occur, by adjustment of the value from the regulator load 𝑅𝑠. 

Shunt converters efficiency is not ideally independent of the output Power as the series 

converters, the way of achieving maximum performance happens when the maximum output 

Power is achieved. 
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Linear converters are quite simple, making them very appealing. Nevertheless, when 

pairing a PV cell with a converter it’s required of the converter the elevation of the voltage that 

receives. Consequently, linear converters are not suited for this kind of project, since these can 

only decrease the energy received. In addition, the losses typically verified in these converters 

make them unsuited, due the limited energy provided by a PV cell. 

 

 

Figure 2.2 - Linear shunt converter 

 

 

2.1.2 Switched converters 

Switched converters, unlike linear converters are theoretically lossless since no resistors 

are used. Instead, the process of transforming a DC voltage into another DC voltage value relies 

on the transference of energy from the input into a reactive element (an inductor or a capacitor) 

and then retrieving that energy to the  output, in order to achieve a desired output voltage. 

Although, there are differences between the use of an inductor or capacitor, as the voltage in a 

capacitor cannot have discontinuities and the voltage across an inductor is able to change 

abruptly and have discontinuity. The ability to change voltage abruptly, enables that a larger 

voltage in the output than the in input can be achieved when an inductor is used, in contrast a 

single capacitor can only lower the input voltage. 

While using inductor or capacitors is important to have in consideration the efficiency of 

energy being transferred. When using these components in a DC-DC converter, these elements 

are connected to a voltage source (𝑉𝑖𝑛) through switches, and these switches have ON 

resistances (𝑅𝑠𝑤).  

When charging a capacitor, the voltage will increase until it reaches 𝑉𝑖𝑛 while the inductor 

charges until it reaches a current of 𝑉𝑖𝑛/𝑅𝑠𝑤. The voltage in a capacitor can be calculated 

through  
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𝑣𝐶(𝑡) = 𝑉𝑖𝑛 (1 − 𝑒−
𝑡

𝑅𝐶) 

  (2.1) 

 

and the current in the inductor by 

𝑖𝑙(𝑡) =
𝑉𝑖𝑛

𝑅
(1 − 𝑒−

𝑅𝑡
𝐿 ) 

(2.2) 

 

When the capacitor is being charged, almost all the energy from the source voltage is 

dissipated in the resistor (𝑅𝑠𝑤). When the capacitator is fully charged, the energy dissipated 

through the resistor will equal the energy stored in the capacitor during the charging process. 

Meaning that the max efficiency of charging is 50%, meaning that when capacitors are used in 

voltage converter these should be always fully charged to guarantee max efficiency. Output 

voltages greater than the source voltage can be achieved using capacitors, but various capacitors 

are necessary with multiple phases. In a first phase, a capacitor is connected parallel with the 

source voltage, and during a second phase the capacitors are arranged in series enabling a larger 

output voltage. The efficiency of voltage converters using capacitors can be boosted if the 

number of capacitors is close to the necessary voltage ratio between the source and output 

voltages. 

In contrast, when an inductor is charged almost all the energy of the source is transferred 

to the inductor. As a result, efficiency will drop as the inductor is charged to its maximum 

current. Consequently, to maximize efficiency, the voltage converter will benefit if the switches 

prevent the full charge of the inductor. In contrast with the use of capacitors a single inductor 

can be used in a voltage converter to obtain a desirable voltage without loss in efficiency. 

 Voltage regulation in switched voltage converters cannot be neglected as it has the 

function of powering electronic circuits, as such the load requires a regulated output voltage to 

operate. This regulation will be obtained by a control system that manages the switch to be ON 

or OFF by acting as the duty cycle of the switch maintaining the frequency stabilized while 

lowering or boosting the output voltage as required.  

 

 

2.1.2.1 Inductive boost DC-DC converter 

Using an inductor to charge a capacitor, instead of the source voltage may benefit the efficiency 

of the circuit. This is the basic concept of a step-up converter. Fig. 2.3 represents the basic 
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structure of the boost DC-DC converter. Regarding the capacitor 𝐶 has the function to attenuate 

the ripple from the output voltage.   

 

 

Figure 2.3 - Basic Boost DC-DC converter circuit 

 

The functioning of this converter begins when 𝑆1 in its closed position, Figure 2.4. During that 

period the Inductor 𝐿 begins to charge. As for the current through the inductor linearly increases 

until the 𝑆1 opens, or saturation is achieved. When the switch opens, Figure 2.5, the current 

stored in the inductor is forced to the output. 

 As previously mentioned, controlling the ratio that  𝑆1 is ON and OFF, the duty cycle (𝛿), 

allows control over the current stored in 𝐿. With this, a 𝛿 can be chosen to prevent the full 

discharge, this way the current received by the load will be always superior to the previous cycle 

until saturation is reached. 

 This kind of basic boost DC-DC converter can operate in two modes, the current 

continuous mode (CCM) and the current discontinuous mode (CDM). The converter operates in 

CCM if the current through the inductor never reaches zero, meaning the switch will be closed 

during a larger time interval than open. Another also relevant factor, so that the inductor never 

fully discharges, is the inductance itself. 
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Figure 2.4 - Basic Boost DC-DC converter circuit, when S1 closed 

 

 

Figure 2.5 - Basic Boost DC-DC converter circuit, when S1 opened 

 

Assuming that the circuit is operating in ideal conditions, the energy change in 𝐿 in a whole 

period, is zero. Being that the voltage in 𝐿 (𝑣𝐿) is 𝑣𝑖𝑛 while 𝑆1 is closed (𝑇1) and (𝑣𝑖𝑛 − 𝑣𝑜𝑢𝑡) 

when 𝑆1 is open (𝑇2), as shown in Fig.2.6. 

 
Figure 2.6 - Voltage in 𝐿, 𝑖𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑖𝑚𝑒    
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Thus, the voltage in 𝑣𝐿 during a period 𝑇𝑐𝑙𝑘 can be obtain through 

∫ 𝑣𝐿(𝑡)
𝑇𝑐𝑙𝑘

0
 𝑑𝑡 = 𝑣𝑖𝑛𝑇1 + (𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)𝑇2 = 0    

(2.3) 

 

By rearranging (2.3), assuming that the duty cycle is given by 𝑇1/(𝑇1 + 𝑇2), the ratio 

between output and input is 

 

𝑣𝑜𝑢𝑡

𝑣𝑖𝑛
=

𝑇1 + 𝑇2

𝑇2
=

1

1 − 𝛿
 

(2.4) 

 

 

As shown in (2.4) the ratio between output and input can be adjusted by controlling the 

duty-cycle (𝛿).  

 Since the period is given by (𝑇1 + 𝑇2), the frequency of operation can be given by (2.5) 

 

𝐹𝑐𝑙𝑘 =
𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛

𝑉𝑜𝑢𝑡𝑇1
=

𝑉𝑖𝑛

𝑉𝑜𝑢𝑡𝑇2
 

      

(2.5) 

 

As previously mentioned, the current present in the inductor is variable during the 

opening and closing of the switch. As such, the current present in the inductor can be obtained 

by adding its average value (𝐼𝐿) with the ripple from 𝑣𝐿, therefore 

 

𝑖𝐿(𝑡) = 𝐼𝐿 + 𝛥𝑖𝐿(𝑡) 

      

(2.6) 
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The 𝐼𝐿 ripple can be obtained through the voltage that goes through the inductor where 

 

𝛥𝑖𝐿 =
1

𝐿
∫ 𝑣𝐿(𝑡)

𝑇𝑐𝑙𝑘

0

𝑑𝑡 =
𝑣𝑖𝑛𝑇1

𝐿
=

(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)𝑇2

𝐿
=

𝑣𝑖𝑛𝑇𝛿

𝐿

=
(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)𝑇(1 − 𝛿)

𝐿
 

   

(2.7) 

 

 

Using (2.5) it is possible to ascertain the inductor value as shown in (2.8) 

 

𝐿 =
𝑉𝑖𝑛𝛿

𝛥𝑖𝐿 . 𝐹𝑐𝑙𝑘
=

(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)(1 − 𝛿)

𝛥𝑖𝐿 . 𝐹𝑐𝑙𝑘
 

     (2.8) 

     

If no losses happen in the system, it can be assumed that the power in the input will be 

equal to the output. This way is possible to achieve the current in the input (𝐼𝑖𝑛) using (2.9), it 

also known that 𝐼𝑜𝑢𝑡 =
𝑉𝑜𝑢𝑡

𝑅𝑜𝑢𝑡
 

 

𝐼𝑖𝑛 = 𝐼𝐿 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
𝐼𝑜𝑢𝑡 =

1

1 − 𝛿

𝑉𝑜𝑢𝑡

𝑅𝑜𝑢𝑡
  

(2.9) 

Regarding the capacitor, in a steady state the average current will be zero. As result, the 

average current in the output will be the current that passes through the diode 𝑖𝐷. Furthermore, 

the current ripple in the diode will be filtered by the capacitor  

 

𝑖𝐶(𝑡) ≅ 𝛥𝑖𝐷(𝑡) = 𝑖𝐷 − 𝐼𝑜𝑢𝑡 

(2.10) 
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 As the value for the capacitor, since the current in it can be given by 𝐼𝑐 = 𝐶. 𝑑𝑉/𝑑𝑡, its 

value can be given by (2.11) 

𝐶
𝑑𝑉𝑜𝑢𝑡

𝑑𝑡
= −𝐶

𝛥𝑉𝑜𝑢𝑡𝐹𝑐𝑙𝑘

𝛿
= −

𝑉𝑜𝑢𝑡

𝑅𝑜𝑢𝑡
 

(2.11) 

𝐶 =
𝑉𝑜𝑢𝑡𝛿

𝛥𝑉𝑜𝑢𝑡𝑅𝑜𝑢𝑡𝐹𝑐𝑙𝑘
=

𝑉𝑖𝑛𝛿

𝛥𝑉𝑜𝑢𝑡(1 − 𝛿)𝑅𝑜𝑢𝑡𝐹𝑐𝑙𝑘
 

 

 

At last, the efficiency of the converter is given by the ratio between the power given to 

the load (𝑃𝑜𝑢𝑡) and the power given to the converter (𝑃𝑖𝑛). Since the power given is dissipated 

through the converter it will create a power loss (𝑃𝑙𝑜𝑠𝑠), as explicit in (2.12). 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑃𝑜𝑢𝑡

𝑃𝑜𝑢𝑡 + 𝑃𝑙𝑜𝑠𝑠
 

(2.12) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

14 

 

2.2 Maximum Power Point Tracking Techniques  

As previously mentioned, there is the objective of powering a low power circuit with a PV cell. 

Thus, the tracking of the MPP of the PV cell is usually essential [7]. Therefore, a lot of MPPT 

methods have been developed, that vary largely from one another. 

As shown in Fig. 2.7, there is interest in maintaining the system functioning in the region 

of 𝑉𝑀𝑃𝑃 or 𝐼𝑀𝑃𝑃, making the PV system operating in its maximum power point. As for choosing 

one MPPT method will depend on the properties of the system and where it will be 

implemented, since each implementation will face different types of hurdles, from low energy 

availability, complexity, costs, sensors needed, convergence speed required and possible 

multiple local maximus.  

 

Figure 2.7 - Power Voltage/Current Curve from PV cell 

 

2.2.1 Hill Climbing/ Perturb & Observe (P&O) 

Hill Climbing [8]-[11] is a method that will create a perturbation in the duty ratio of the power 

converter, and P&O [11]-[13] in the operation voltage of the PV. When a PV array is connected 

to a power converter, a perturbation in the duty ratio of the converter will modify the current 

of the PV and consequently its voltage. 

As shown in Figure 2.7 on the left of the MPP the increase of the voltage/current will bring 

the power closer to its max power point, as well as decreasing the voltage/current on the right 

side. This understanding is the operation base of this method, its functioning method can be 

easily represented by the Table 2.1 and Figure 2.9, this process is repeated periodically until the 

MPP is reached. The perturbation size can be adjusted to reduce the oscillations but 

consequently it will slow down the MPPT. 

These two methods can fail to effectively achieve the MPP in conditions where there are 

changes in atmospheric conditions, this can be demonstrated by Fig.2.8. in tracking of the MPP 
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the method is in the position A as shown in Fig.2.8, a perturbation 𝑑𝑉 occurs at the same time 

the atmospheric conditions change and instead of the power registered in the position B now it 

obtains the power in the position C, since this power is greater than in A the next perturbation 

will be a positive moving away the system from the MPP. 

    

 

Figure 2.8 - P&O/Hill climbing under changing atmospheric conditions 

 

Perturbation Change in Power Next Perturbation 

Positive Positive Positive 

Positive Negative Negative 

Negative Positive Negative 

Negative Negative Positive 

Table 2.1 - Principle of functioning of MPPT Hill Climbing/P&O 
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Figure 2.9 - P&O algorithm 

 

2.2.2 Incremental Conductance (IncCond) 

The Incremental conductance [11] [14]-[17], method takes base on the fact that the slope of the 

PV array Power Voltage graph (Fig 2.7) is zero at the MPP, positive on its left and negative on its 

right. 

{

𝑑𝑃/𝑑𝑉 = 0 
𝑑𝑃/𝑑𝑉 > 0 
𝑑𝑃/𝑑𝑉 < 0 

, 𝑎𝑡 𝑀𝑃𝑃
, 𝑙𝑒𝑓𝑡 𝑜𝑓 𝑀𝑃𝑃 
, 𝑟𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝑃𝑃

 

(2.11) 

Being that,  

𝑑𝑃

𝑑𝑉
=

𝑑(𝐼𝑉)

𝑑𝑉
= 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
≈ 𝐼 + 𝑉

𝛥𝐼

𝛥𝑉
 

(2.12) 

(2.12) can be rewritten as 

{

𝛥𝐼/𝛥𝑉 = −𝐼/𝑉 
𝛥𝐼/𝛥𝑉 > −𝐼/𝑉
𝛥𝐼/𝛥𝑉 < −𝐼/𝑉

, 𝑎𝑡 𝑀𝑃𝑃
, 𝑙𝑒𝑓𝑡 𝑜𝑓 𝑀𝑃𝑃 
, 𝑟𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝑃𝑃
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(2.13) 

 With such knowledge an algorithm as shown in Fig.2.10 can used to implement this 

MPPT method, 𝑉𝑟𝑒𝑓 in this case will be the voltage at which the PV is operating. As shown the 

method will decrement or Increment 𝑉𝑟𝑒𝑓 to track the MPP, once this point is reached it will be 

maintained, unless changes in the system cause a shift in the MPP. 

 

Figure 2.10 - IncCond algorithm 

 

Once again, as the previous methods the increment size can be adjusted. If it is required 

a fast tracking, a bigger increment can be used but the system might not operate in the MPP but 

oscillate about it instead, as such, the system requirements must be considered. 

 

2.2.3 Fractional Open-Circuit Voltage 

Fractional open-circuit voltage method [11][18]-[20], is based on the almost linear relationship 

between 𝑉𝑀𝑃𝑃 and 𝑉𝑂𝐶 (2.14) of the PV array, under different temperatures and irradiance 

indices. 
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𝑉𝑀𝑃𝑃 ≈ 𝑘1𝑉𝑂𝐶 

(2.14) 

 

The proportionality of 𝑉𝑀𝑃𝑃 and 𝑉𝑂𝐶  will be given by the constant 𝑘1. This constant 𝑘1 will 

be dependent on the PV array used, and it is usually computed by empirically determining 𝑉𝑀𝑃𝑃 

and 𝑉𝑂𝐶 of the array at different temperatures and Irradiances. This factor has been usually 

reported in values between 0.71 and 0.78. 

Once the value of 𝑘1 is known, 𝑉𝑀𝑃𝑃 is obtain through (2.14), where the value of 𝑉𝑂𝐶 is 

obtained by periodically shutting down the power of the converter. As expected, the shutting 

down of the converter implicates some disadvantages, as the temporary loss of power. To 

prevent these impracticalities, pilot cells with characteristics similar to the PV array in use can 

be used. 

 Since as previously mentioned, this method will only use the almost linear relationship 

between 𝑉𝑀𝑃𝑃 and 𝑉𝑂𝐶, meaning that technically the system will never operate in the true value 

of the MPP. Even so, the cheap and easy implementation makes this MPPT method desirable for 

some implementations. 

 

2.2.4 Fractional Short-Circuit Current 

In similarity with Fractional open-circuit voltage, the Fractional Short-Circuit Current method 

[11][20]-[22] will be based on the approximately linearly relation between PV array parameters, 

this time the currents as shown in (2.15)  

 

𝐼𝑀𝑃𝑃 ≈ 𝑘2𝐼𝑆𝐶 

(2.15)  

 

As in the previous 𝑘2 will be a proportionality constant, that must be pre-determined 

according the characteristics of the PV array in use. This constant is as a rule between the values 

0.78 and 0.92.  

Obtaining the value of 𝐼𝑆𝐶  during the running of the circuit is quite problematic, due to 

the need for a short circuit. An additional switch is needed so that the circuit can be shorted 

periodically, so that 𝐼𝑆𝐶  is obtainable, this way there is an increasing in the number of 

components and cost.  
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2.2.5 Fuzzy Logic Control 

With the possible implementation of microcontrollers in MPPT methods made the use of Fuzzy 

Logic Control [11][23]-[25] raise in popularity. 

The Fuzzy logic control is based in three different states: fuzzification, the check of the 

rules table, and defuzzification. The controller will find the operation zone and adjust it by 

varying the duty cycle. 

This kind of MPPT has advantages of working with imprecise inputs, the ability to handle 

nonlinearity as well as not needing an accurate mathematical model.  

 

2.2.6 Neural Network 

As well as the previous method, the Neural Network [11][26][27] method is quite well adapted 

for microcontrollers. 

Neural networks usually are composed by three layers: Input, hidden and output layer. 

These layers are composed by nodes and can vary in its number according to the user. Generally, 

for PV arrays the input nodes are a combination of parameters like 𝑉𝑂𝐶 and 𝐼𝑆𝐶  and atmospheric 

data. The output is generally the duty cycle that will operate the power converter in MPP.  

The accuracy of the Neural Network will depend on how well it was trained. 

This kind of method has the disadvantage of the need to be specifically trained to a kind 

of PV array, since different types of PV will have different characteristics, as well the need to be 

periodically trained to guarantee accurate MPPT. 

 

2.2.7 Ripple Correlation Control (RCC) 

In a PV array connected to a power converter, the switching action of the power converter 

imposes voltage and current ripple on the PV array. As such, the PV array power is also subjected 

to ripple. With this the RCC [11][28] method, uses the ripple to perform MPPT. RCC method will 

correlate the time derivative of the time-varying PV array power (𝑝̇) with the time derivative of 

the time-varying PV array current of voltage (𝑖 ̇𝑜𝑟 𝑣̇) to drive the power gradient to zero. 

As shown in Fig.2.8, when the derivative of the power is zero the MPP is reached, as such if 

the current or voltage are increased and power is increasing as well, then the operating point is 

on the left the MPP (𝑝̇ > 0, 𝑣̇ > 0, 𝑖̇ > 0). On the contrary, if there is an increase in the voltage 

or current and the power is decreasing (𝑝̇ < 0) then the MPP the operating point has passed 

the MPP and is operating on its right. Using such facts, it can be obtained that 𝑝̇𝑣̇ or 𝑝̇𝑖̇ are 

positive on the left of the MPP, negative on the right of MPP and zero in the MPP. 
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2.2.8 Current Sweep 

As implied by the name, the current sweep method [11][29] will sweep the waveform from the 

PV array current until the I-V characteristic of the PV array is obtained, this procedure will be 

updated in fixed interval times. Then the 𝑉𝑀𝑃𝑃 can be obtained through the I-V characteristic 

curve. 

 For the sweep waveform it is chosen a directly proportional derivative as represented in 

(2.16) where 𝑘4 is a proportionality constant 

 

𝑓(𝑡) = 𝑘4

𝑑𝑓(𝑡)

𝑑𝑡
 

(2.16) 

The PV array power is given by  

 

𝑝(𝑡) = 𝑣(𝑡)𝑖(𝑡) = 𝑣(𝑡)𝑓(𝑡) 

(2.17) 

 

Since the derivative of the power is zero in the MPP, we have 

 

𝑑𝑝(𝑡)

𝑑𝑡
= 𝑣(𝑡)

𝑑𝑓(𝑡)

𝑑𝑡
+ 𝑓(𝑡)

𝑑𝑣(𝑡)

𝑑𝑡
= 0  

(2.18) 

Using (2.16) in (2.18) gives 

𝑑𝑝(𝑡)

𝑑𝑡
= [𝑣(𝑡) + 𝑘4

𝑑𝑣(𝑡)

𝑑𝑡
]

𝑑𝑓(𝑡)

𝑑𝑡
 

(2.19) 

 

The solution of equation (2.16) has the solution of  

 

𝑓(𝑡) = 𝐶 exp [𝑡/𝑘4] 
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(2.20) 

 

Where 𝐶 is chosen to be equal to the maximum PV array current 𝐼𝑚𝑎𝑥, this current can be 

obtained by using current discharges through the capacitor, and 𝑘4 negative, so that (2.20) is a 

decreasing exponential function with time constant 𝜏 = 𝑘4. As so its derivate will be a nonzero, 

(2.19) can be divided by 𝑑𝑓(𝑡)/𝑑𝑡 will be the simplified to 

𝑑𝑝(𝑡)

𝑑𝑓(𝑡)
= 𝑣(𝑡) + 𝑘4

𝑑𝑣(𝑡)

𝑑𝑡
 

(2.21) 

 

Since 𝑓(𝑡) = 𝑖(𝑡) (2.21) it’s obtained 

𝑑𝑝(𝑡)

𝑑𝑖(𝑡)
= 𝑣(𝑡) + 𝑘4

𝑑𝑣(𝑡)

𝑑𝑡
 

(2.22) 

 

 Once the 𝑉𝑀𝑃𝑃 is obtained after using the current sweep, its value can be double 

checked using equation (2.22). 

 

2.2.9 DC-Link capacitor Droop Control 

DC-Link capacitor Droop Control [11][30] is MPPT technique specially designed to be connected 

in parallel with an AC system. 

In this method the duty cycle is given by 

 

𝑑 = 1 −
𝑉

𝑉𝑙𝑖𝑛𝑘
 

(2.23) 

 

In this case  𝑉 is voltage given by the PV array and 𝑉𝑙𝑖𝑛𝑘 is the voltage across the dc link, 

as can be seen in Fig. 2.11. Case 𝑉𝑙𝑖𝑛𝑘 is kept constant and the current going to the inverter is 

increased, the power in in the boost converter will increase and consequently increase the 

power coming from the PV array. While this current is increased, 𝑉𝑙𝑖𝑛𝑘 can be kept constant 

seeing that the power required by the inverter does not surpass the available power. When the 
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power available is surpassed the 𝑉𝑙𝑖𝑛𝑘 drops, being that right before this point the current of the 

inverter is at its maximum point, meaning that the PV array is operating in its MPP. 

 

Figure 2.11 - Topology of a DC-Link Capacitor Droop Control 

 

2.2.10 Load Current or Load Voltage Maximization 

As previously stated, the maximization of the power coming from the PV array, will also 

maximize the power at the load of the converter. Using this train of thought, in reverse, the 

maximization of the output power at the load will amplify the PV array power. For most of the 

loads, the increase of the load current or load voltage will maximize the load power, making the 

necessity of only one sensor. Being that, a battery can be seen as a voltage-source type load, the 

load current can be used as the control variable.  

 This kind of MPPT [11][31] technique cannot operate continually at the MPP since the 

system revolves around the assumption of a lossless power converter. 

 

2.2.11 𝒅𝑷/𝒅𝑽 or 𝒅𝑷/𝒅𝑰 Feedback Control 

With the availability of devices capable of performing complex computations such as 

microcontrollers and DSP, one easy way of performing the tracking of the MPP is through the 

slope of the PV power curve (𝑑𝑃/𝑑𝑉 or 𝑑𝑃/𝑑𝐼) and drive it back to the power converter pointing 

it to zero. This kind MPPT [11][32] is usually quite fast. 
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2.3 Comparison of MPPT methods 

In Table 2.2 can be seen the characteristics of all the methods shown in this chapter. There are 

a wide variety of MPPT techniques with different properties. Most of the MPPT techniques can 

be used by almost all systems, but in some cases a MPPT technique may be more suitable over 

other, some of these causes may be because costs, the location of the system (easy accessibility, 

or constant variations in the environment), requirement of precision, energy available, among 

others. 

The characteristics shown in the Table 2.2 can affect the function of the MPPT technique 

as some need to be flexible and able to operate in different types of PV arrays, a requirement of 

precision where in case of multiple MPP the true MPP is desired so that the maximum efficiency 

can be achieved, the scale of the project since periodic adjustments might not be a sensible 

solution. 

In this thesis, since a low-power PV cell is used, a suitable MPPT controller must have low 

power consumption. As such low power computation complexity and low power components 

are preferred, as the benefits of the MPPT method might be mitigated by its power 

consumption.   From the tracking methods represented in the Table 2.2 the P&O method and 

IncCond methods were selected to be implemented, since both methods show low to average 

complexity and the essential feature of low power consumption. 
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MPPT Technique PV array 

dependency 

True 

MPP 

Analog 

or Digital 

Periodic 

Calibration 

Convergency 

Speed 

Complexity Required 

Parameters 

Power 

Consumption 

Hill-climing/P&O No Yes Both No Varies Low Voltage, Current Low 

IncCond No Yes Digital No Varies Average Voltage, Current Low 

Fractional Voc Yes No Both Yes Average Low Voltage Low 

Fractional Isc Yes No Both Yes Average Average Current Low 

Fuzzy Logic Control Yes Yes Digital Yes Fast High Varies High 

Neural Network Yes Yes Digital Yes Fast High Varies High 

RCC No Yes Analog No Fast Low Voltage, Current Low 

Current Sweep Yes Yes Digital Yes Slow High Voltage, Current High 

DC Link Capacitor 

Droop Control 

No No Both No Average Low Voltage Low 

Load I or V 

Maximization 

No No Analog No Fast Low Voltage, Current Low 

𝒅𝑷/𝒅𝑽 or 𝒅𝑷/𝒅𝑰 

Feedback control 

No Yes Digital No Fast Average Voltage, Current High 

Table 2.2 - Characteristics of various MPPT Technique 
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CHAPTER 3 

3 PROPOSED SYSTEMS 

As previously mentioned, the objective of this thesis is looking through the available MPPT 

techniques and find a couple that are reliable in an implementation of a low energy circuit. As 

such there will be selected two different MPPT methods, where these will increase the efficiency 

of a system where the energy will be received through a PV cell, raised through a DC-DC boost 

Converter as shown in Figure 3.1.  

 

 

 

Figure 3.1 - Proposed MPPT algorithm for PV application 
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3.1 PV array  

The PV cell was modelled from the model available in the MATLAB libraries, in which the 

characteristic parameters of the cell where adjusted, as represented by the table 3.1 (when 

irradiation is 1000 𝑊/𝑚2 and the temperature is 25℃), so the PV cell can be similar to a 

generally used in this kind of project. The I-V and P-V curves can be seen in 3.2. 

 

Voc (V) Vmp (V) Isc (mA) Imp (mA) 

1.5 1.3 4 3.8 

Table 3.1 - PV cell parameters 

 

 

Figure 3.2 - PV cell IV and PV curves 
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In order to correctly simulate the behaviour of the MPPT’s when the PV cell is subjected 

to changing environments, through the tests the values of irradiance and temperature are 

modified, these consequently alter the normal function of the PV cell. As represented by the 

figures 3.3 and 3.4 the effects caused by changes in radiation and temperature will have effects 

in the performance of the PV cell. The effectiveness is greatly impacted when lack of irradiation 

is available to the PV cell. In contrast, when the lower the temperature verified in the PV cell the 

better it will perform. 

 

 

Figure 3.3 - Effect of different values of irradiance in a PV cell at 25℃ 
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Figure 3.4 - Effect of Temperature variations in a PV cell at 1𝐾𝑊/𝑚2 
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3.2 DC-DC boost Converter 

The DC-DC converter selected will be a basic voltage converter (Figure 2.3) that will provide a 

step-up voltage to the load. 

 The DC-DC boost converter model developed for this thesis in the tool Simulink of 

MATLAB, is represented in the Figure 3.5. 

 

 

Figure 3.5 - Simulink model of DC-DC boost converter 

 

The values to the inductor and capacitors can be obtained using the equations (2.1 - 2.10). 

Being that in this work it was used a frequency of 1MHz and as previously mentioned the PV 

array has 1.3 𝑉𝑚𝑝 to get the highest possible voltage in the output of the DC-DC, the parameters 

needed for this converter can be seen in the table . 

 

𝑭𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚 𝟏𝑴𝑯𝒛 

𝑪𝒐𝒖𝒕 0.1 𝜇𝐹 

𝑳 151 𝜇𝐻/150𝜇𝐻∗ 

Table 3.2 - Converter sizing *instead of the calculated 151uH the 150uH can be found in the market 

 

 

In Figure 3.6 are represented the pulses and voltages in the switch of the boost DC-DC 

converter as well as the current In the Inductor. 
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Figure 3.6 - Pulses and voltage of the switch and inductor current  

 

 

 

3.3 Max power point tracking method 

As a PV cell is used as the source of power for this project, fluctuations in its temperature and 

irradiation will impact the functioning of a PV cell. Consequently, the value of duty cycle must 

be able to adapt itself so that the system keeps functioning at its MPP, therefore the system 

should be able to adjust its duty cycle. 

The models are constituted by two sections, the MPPT that will control the changes of the 

duty cycle in the PWM, where the frequency of work will be set, that will generate the signal of 

the  duty cycle to be used as reference for the switch of the boost DC-DC as it can be seen in 3.5 

and 3.6. 

The system is represented in the figure 3.7, where is constituted by three main blocks the 

PV array, the boost DC-DC and the MPPT.  

The main variables are the irradiation, temperature, and frequency. The irradiation and 

temperature can be modified to simulate any type of combinations between these two variables 

in a signal builder as it can be seen in 3.7. 

 



 

32 

 

 

Figure 3.7 - MPPT PV cell powered system 

 

 

3.3.1 Perturb and observe 

The P&O MPPT technique model can be designed in SIMULINK as in figure 3.8. 

  

 
Figure 3.8 - Model of P&O 

 

 Shown in the Figure 2.9 is the model will take the Voltage and Current from the PV cell 

this way the system is able to balance itself in the MPP as previously stated, the step size of the 

perturbances can be adjusted in the highlighted variable making possible the control of precision 

and convergence speed. 
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3.3.2 Incremental Conductance Max power point tracking method 

Model of the Incremental Conductance in SIMULINK as in figure 3.9. 

 

Figure 3.9 - Model of IncCond 

 

 Shown in the Figure 2.10 is the model will take the Voltage and Current from the PV cell 

this way the system is able to selfsustained the MPP as previously stated, once again in the 

highlighted variable will control convergence speed and precision of the MPPT. 
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CHAPTER 4 

4 SIMULATIONS AND RESULTS 

 

In this chapter the results and simulations of the proposed systems will be shown. To keep in 

mind that the simulations are focused in the changes of irradiance and temperature, leaving 

negligible the parasitic effects, as well as, all the simulations were executed using the SIMULINK 

tool from MALTAB.  

To make comparison of the results accurate, all the tests will occur under the same 

conditions of temperature and irradiation as shown in the Fig. 4.1. 

In order to observe the impact of the use of a MPPT technique in this kind of systems 

another system will be used in comparison, where no MPPT method is used and will function by 

applying a fixed duty cycle to the switch in the DC-DC converter. 
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Figure 4.1 - Irradiance and Temperature changes in the simulations 

 

All tests will occur during the same 0.2 seconds, where in the first 0.1 seconds the changes 

in irradiation will be applied and in the remainder of the time the variations in temperature. The 

values of irradiation chosen are 1000𝑊/𝑚2, 750𝑊/𝑚2 and 500𝑊/𝑚2, as for testing the 

impact of temperature the values chosen where 35℃, 25℃ and 15℃. Each one of these values 

will run within a time frame where the system is able to adjust to these new parameters. 

 

 

𝑻𝒊𝒎𝒆 (𝒔) 𝟎 − 𝟎. 𝟎𝟓 𝟎. 𝟎𝟓 − 𝟎. 𝟎𝟕𝟓 𝟎. 𝟎𝟕𝟓 − 𝟎. 𝟏 

𝑰𝒓𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆 (𝑾/𝒎𝟐) 1000 750 500 

𝑷𝒐𝒘𝒆𝒓 (∗ 𝟏𝟎−𝟑𝐖)  4.94 3.659 2.395 

Table 4.1 - MPP of the PV cell with varying the irradiance 
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𝑻𝒊𝒎𝒆 (𝒔) 𝟎. 𝟏 − 𝟎. 𝟏𝟐𝟓 𝟎. 𝟏𝟐𝟓 − 𝟎. 𝟏𝟕𝟓 𝟎. 𝟏𝟕𝟓 − 𝟎. 𝟐 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆(°𝑪) 25 15 35 

𝑷𝒐𝒘𝒆𝒓 (∗ 𝟏𝟎−𝟑𝐖)  4.94 5.114 4.76 

Table 4.2 - MPP of the PV cell with varying the temperatures 

 

Represented in the Tables 4.1 and 4.2 are the values of the true MPP of the PV cell in each 

condition of irradiation and temperature change. These values can be used to evaluate the 

effectiveness of each method used.  

 

 

4.1 Simulations of the DC-DC Converters 

4.1.1 Without a MPPT technique 

To use a fixed duty cycle in the project, a pulse generator is used to control the switch of the 

boost DC-DC, as represented by the Figure 4.2. The pulse generator was set to perform at 1𝑀𝐻𝑧 

and the value of 58% for the duty cycle as this value is the one that enables the best performance 

of the system, under the conditions of Irradiation 1000𝑊/𝑚2 and cell temperature 25 °𝐶. 

 

Figure 4.2 - System without MPPT technique 
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Figure 4.3 - PV cell Power without MPPT 

 

 

Figure 4.4 - PV cell voltage and DC-DC output voltage 
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𝑻𝒊𝒎𝒆 (𝒔) 𝟎 − 𝟎. 𝟎𝟓 𝟎. 𝟎𝟓 − 𝟎. 𝟎𝟕𝟓 𝟎. 𝟎𝟕𝟓 − 𝟎. 𝟏 

𝑰𝒓𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆 (𝑾/𝒎𝟐) 1000 750 500 

𝑷𝒐𝒘𝒆𝒓 (∗ 𝟏𝟎−𝟑𝐖)  4.918 2.954 1.322 

𝑷𝑽 𝑽𝒐𝒍𝒕𝒂𝒈𝒆 (𝑽) 1.274 0.987 0.661 

𝑫𝑪 − 𝑫𝑪 𝑽𝒐𝒖𝒕 (𝑽) 3.658 3.454 3.22 

𝜼 (%) 99.55 80.73 55.19 

Table 4.3 - Circuit with no MPPT with varying the irradiance 

 

 

𝑻𝒊𝒎𝒆 (𝒔) 𝟎. 𝟏 − 𝟎. 𝟏𝟐𝟓 𝟎. 𝟏𝟐𝟓 − 𝟎. 𝟏𝟕𝟓 𝟎. 𝟏𝟕𝟓 − 𝟎. 𝟐 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆(°𝑪) 25 15 35 

𝑷𝒐𝒘𝒆𝒓 (∗ 10−3𝑾)  4.918 4.99 4.756 

𝑷𝑽 𝑽𝒐𝒍𝒕𝒂𝒈𝒆 (𝑽) 1.274 1.283 1.253 

𝑫𝑪 − 𝑫𝑪 𝑽𝒐𝒖𝒕 (𝑽) 3.68 3.722 3.702 

𝜼 (%) 99.55 97.57 99.91 

Table 4.4 - Circuit with no MPPT with varying temperature 

 

Represented by the Figures and Tables 4.3 and 4.4 are the simulations where no MPPT 

technique is present. It can be examined that the performance of the system drops exponentially 

the further away the cell is from its starting conditions. When PV cell operates near these initial 

conditions the system shows efficiencies from 99.55% to 97%, in contrast when the PV cell 

performs with  500 W/m2 the efficiency is as low as 55%. 
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4.1.2 With P&O 

 

 

 

Figure 4.5 - PV cell Power with P&O MPPT 
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Figure 4.6 - PV cell voltage and DC-DC output voltage with P&O 

 

 

𝑻𝒊𝒎𝒆 (𝒔) 𝟎 − 𝟎. 𝟎𝟓 𝟎. 𝟎𝟓 − 𝟎. 𝟎𝟕𝟓 𝟎. 𝟎𝟕𝟓 − 𝟎. 𝟏 

𝑰𝒓𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆 (𝑾/𝒎𝟐) 1000 750 500 

𝑷𝒐𝒘𝒆𝒓 (∗ 𝟏𝟎−𝟑𝐖)  4.91 3.658 1.799 

𝑷𝑽 𝑽𝒐𝒍𝒕𝒂𝒈𝒆 (𝑽) 1.328 1.279 0.894 

𝑫𝑪 − 𝑫𝑪 𝑽𝒐𝒖𝒕 (𝑽) 3.65 3.616 3.34 

𝜟𝜼(%)∗ −1.63 23.83 36.08 

𝜼 (%) 99.39 99.97 75.11 

Table 4.5 - Circuit with P&O with varying irradiance 
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𝑻𝒊𝒎𝒆 (𝒔) 𝟎. 𝟏 − 𝟎. 𝟏𝟐𝟓 𝟎. 𝟏𝟐𝟓 − 𝟎. 𝟏𝟕𝟓 𝟎. 𝟏𝟕𝟓 − 𝟎. 𝟐 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆(°𝑪) 25 15 35 

𝑷𝒐𝒘𝒆𝒓 (∗ 10−3𝑾)  4.91 5.087 4.727 

𝑷𝑽 𝑽𝒐𝒍𝒕𝒂𝒈𝒆 (𝑽) 1.327 1.382 1.273 

𝑫𝑪 − 𝑫𝑪 𝑽𝒐𝒖𝒕 (𝑽) 3.67 3.754 3.676 

𝜟𝜼(%)∗ −1.63 1.943 −0.609 

𝜼 (%) 99.39 99.47 99.30 

Table 4.6 - Circuit with P&O with varying temperature 

 

 

The Figures and Tables 4.5 and 4.6 shows the results of the simulations using the P&O 

technique, observing Figure 4.5 and comparing it to the 4.3 it can be observed oscillations, as 

these represent the MPPT control adjustments, as it maintains the PV cell at MPP. While using 

P&O, the effects of the environment have less impact to the system, than the previous test, as 

at an irradiation of 500 W/m2 the efficiency is still upwards of 75%. While comparing the 𝜂 to 

the previous model there are improvements from 23% − 36%. Comparing to the work in [33] 

results were similar since, the P&O method is used in a low power system, in which tests were 

performed under varying weather conditions, from sunny days without shading conditions to 

cloudy weather, these tests showed the P&O efficiency decay from 95.9% in sunny weather to 

75.5% when the tests where realised under cloudy conditions. 
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4.1.3 With Incremental Conductance  

 

 

 

Figure 4.7 - PV cell Power with IncCond MPPT 
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Figure 4.8 - PV cell voltage and DC-DC output voltage with IncC 

 

 

 

𝑻𝒊𝒎𝒆 (𝒔) 𝟎 − 𝟎. 𝟎𝟓 𝟎. 𝟎𝟓 − 𝟎. 𝟎𝟕𝟓 𝟎. 𝟎𝟕𝟓 − 𝟎. 𝟏 

𝑰𝒓𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆 (𝑾/𝒎𝟐) 1000 750 500 

𝑷𝒐𝒘𝒆𝒓 (∗ 𝟏𝟎−𝟑𝐖)  4.919 3.223 1.506 

𝑷𝑽 𝑽𝒐𝒍𝒕𝒂𝒈𝒆 (𝑽) 1.324 1.079 0.754 

𝑫𝑪 − 𝑫𝑪 𝑽𝒐𝒖𝒕 (𝑽) 3.651 3.476 3.243 

𝜟𝜼(%)∗ 0.02 9.11 13.92 

𝜼 (%) 99.57 88.04 62.88 

Table 4.7 - Circuit with IncCond with varying irradiance 
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𝑻𝒊𝒎𝒆 (𝒔) 𝟎. 𝟏 − 𝟎. 𝟏𝟐𝟓 𝟎. 𝟏𝟐𝟓 − 𝟎. 𝟏𝟕𝟓 𝟎. 𝟏𝟕𝟓 − 𝟎. 𝟐 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆(°𝑪) 25 15 35 

𝑷𝒐𝒘𝒆𝒓 (∗ 10−3𝑾)  4.936 5.065 4.735 

𝑷𝑽 𝑽𝒐𝒍𝒕𝒂𝒈𝒆 (𝑽) 1.293 1.313 1.27 

𝑫𝑪 − 𝑫𝑪 𝑽𝒐𝒖𝒕 (𝑽) 3.67 3.756 3.715 

𝜟𝜼(%)∗ 0.366 1.503 −0.442 

𝜼 (%) 99.91 99.04 99.47 

Table 4.8 - Circuit with IncCond with varying temperature 

 

In the Figures and Tables 4.7 and 4.8 are represented the results of the simulations using 

the IncCond method. As the previous method, using a MPPT will retard the effects of the 

environment, maintaining the system reliable while changes in the environment occur. With the 

IncCond, the values of 𝜂 in the tests vary from 99% − 62%. While comparing the results of this 

technique with the first tested, improvements from 9% − 13% can be verified. 

 

* 𝜟𝜼 between the models with MPPT techniques and the one not using any 

 

 

4.2 Discussion 

Comparing all the results, is analysed that there are some vantages and disadvantages in every 

method.  

Tests where no MPPT method was present, performs better in the ideal conditions of the 

PV cell, otherwise when the parameters of irradiation and temperature diverge from the initial 

values, the performance starts to drop exponentially, and other methods start to outperform 

the direct duty-cycle method. In contrast, the most reliable method when the further away the 

initial conditions are verified, is the P&O implementation as represented by the tables, when an 

irradiance of 500𝑊/𝑚2 is verified, the efficiency is 75.11%,  in comparison the IncCond 

technique when performing under the same conditions can only obtain efficiency of 62.88%. 

Finally, the IncCond is an intermediate of both techniques mentioned previously, as when near 

initial irradiation and temperature conditions outperform the P&O technique and shows better 

performance than the process with no MPPT when changes in the environment affect the PV 

cell. Therefore, in cases when it is guaranteed that the cell will only operate in favourable and 

low varying environments the selection of the IncCond method is the more appropriated, as it 
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has been previously mentioned. Otherwise, in cases where there are constant variations in 

irradiation available, the most suitable is the P&O method, as it is the most reliable under varying 

conditions. 
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CHAPTER 5 

5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The main goal of this work is to look and compare the implementation of Maximum Power Point 

Tracking techniques into a PMU that can boost the input voltage. Since this PMU resorts to the 

harvest photovoltaic energy, the system is required to operate at the max power point of the 

PV cell. 

Two different MPPT control methods for a DC-DC converter were developed in this thesis, 

both MPPT’s perform desirably as exhibited in chapter 4, either one of them is capable to adapt 

to the environment. Benefits from these are amplified the further the PV cell is to perform away 

from its peak. 

Moreover, both methods are suited to small portable devices with low energy. However, 

both methods can fall short in some cases as these don’t operate in the true MPP, since the 

compromise to obtain the true MPP would consume additional energy by the MPPT method 

controller. 

Regarding performance, both methods show differences, where the P&O method performs 

better the further away the conditions for the operation of the PV system, when performing 

under the irradiation of 500𝑊/𝑚2 it exhibits 75.11% of efficiency, on the other and the 

Incremental conductance MPPT performs at 62.88% . In contrast, the Incremental conductance 

method performs better when the environment is favourable for the PV cell performance. 

Furthermore, the results in this thesis can be compared with the results in work [33], where 

the efficiency of P&O vary from 99.5% − 75.5%. 
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5.2 Future Work 

For future work, the models developed in this thesis can be imported, compiled, and 

implemented through Verilog HDL, and CMOS so that physical tests can be performed enabling 

comparison with the model results.  

Furthermore, the substitution of the generic photovoltaic cell used with the PV cells 

recently developed in FCT-UNL, since these are lighter and flexible. 

In addition, the use of a different energy harvesting technique, or implementing a 

different MPPT method could be tested. 
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