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Abstract 

In this thesis, a novel photovoltaic (PV) emulator and the state-of-art learning–based real-time 

hybrid maximum power point tracking (MPPT) algorithms have been presented. Real-time 

research on PV systems is a challenging task because it requires a precise PV emulator that can 

faithfully reproduce the nonlinear properties of a PV array. The prime objective of the 

constructed emulator based on integration of unilluminated solar panels with external current 

sources is to overcome the constraints such as the need for wide surrounding space, high 

installation cost, and lack of control over the environmental conditions. In addition, the 

proposed PV emulator is able to simulate the electrical characteristics of the PV system under 

uniform irradiation as well as partially shading conditions (PSC). Moreover, the application of 

MPPT technology in PV systems under PSC conditions is challenging. Under complex 

environmental conditions, the power-voltage (P-V) characteristic curve of a PV system is likely 

to contain both local global maximum power points (LMPPs) and global maximum power 

points (GMPP). The MPPT algorithm applied to a PV system should have minimal steady-state 

oscillations to reduce power losses while accurately searching for the GMPP. The proposed 

MPPT algorithms resolved the drawbacks of the conventional MPPT method that have poor 

transient response, high continuous steady-state oscillation, and inefficient tracking 

performance of maximum power point voltage in the presence of partial shading. The intended 

algorithms have been verified using MATLAB/Simulink and the proposed PV emulator by 

applying comparative analysis with the traditional MPPT algorithms. In addition, the 

performance of the proposed MPPT algorithms and control scheme is validated experimentally 

with the implementation of MATLAB/Simulink/Stateflow on dSPACE Real-Time-Interface 

(RTI) 1007 processor board and DS2004 A/D and CP4002 Digital I/O boards. The results 

indicate that the algorithm is effective in reducing power losses and faster in tracking the speed 

of the maximum power point with less oscillation under partial shading conditions. In addition, 

excellent dynamic characteristics of the proposed emulator have been proven to be an ideal 

tool for testing PV inverters and various maximum power point tracking (MPPT) algorithms 

for commercial applications and university studies. 
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Chapter 1. Introduction  

1.1 Background 

Widespread research of renewable energy source to eliminate global warming emissions has 

categorically found that such sources are a sustainable, environmentally friendly option to solve 

the challenge of depleting fossils fuels and energy dependency [1]. When considering the 

lifecycle of emissions from cleaner energy sources; specifically, from each stage in a 

technology’s lifespan (from manufacturing to decommissioning), global warming emissions 

from sustainable energy sources, are almost non-existent [2]. Among the sources of clean energy, 

solar energy is becoming increasingly important. Solar energy provides the advantage of 

environment-friendly power generation, low maintenance cost and great development potential 

in energy conversion efficiency [3]. As a pioneer in the field of energy transition, the UK is 

gradually shifting the focus of its energy development to solar energy. Total installed 

photovoltaic capacity in the UK increased by 160% over the five years from 2014 to 2019, from 

5,230 MW to 13,616 MW [4]. In order to extract the maximum amount of energy from solar 

energy, research on maximum power point tracking (MPPT) is becoming increasingly popular. 

The MPPT technique is one of the PV energy generation system's components. The MPPT makes 

sure the maximum power is taken from the PV module for a given irradiation condition [5]. 

However, tracking to the maximum power point of a PV system in complex environmental 

conditions is still a challenge. In addition, experiments on PV systems (including verification of 

MPPT algorithms) are subject to many limitations, such as need for wide surrounding space, high 

equipment and installation cost, uncontrollable experimental environments, etc. As an alternative, 

therefore, PV simulators are beginning to attract the attention of researchers. The PV emulator 

provides controlled environmental conditions indoors for faster and more efficient testing of 

experiments related to solar power systems [5, 6]. 

 

1.2 The operational principle of PV cells 

Solar cells are mainly based on silicon-based semiconductor materials and work on the principle 

that solar cells absorb radiation energy and then undergo a photovoltaic effect. When the 
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absorbed energy is greater than the band gap of its semiconductor, electrons in the semiconductor 

are ejected, resulting in an electron-hole pair which can be seen in Figure 1.1 [7]. 

N - type

P - type

EC

EF

EV

E-h generation

Incident 

photons

 

Figure 1.1 Schematic diagram of Electron-hole generation in solar cell 

 

Where EC indicates conduction band, EF is the fermi energy level, EV represents valence band 

and E-h is the electron-hole pair generation. The diagram of PV cell structure is shown in the 

Figure 1.2.  

 

Front contact
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LOAD

 

Figure 1.2 A p-n junction PV cell 

 

As solar cells work on the basis of the photovoltaic effect, the photovoltaic effect can be divided 

into three main processes [8-10]. Firstly, when the absorbed photon energy is higher than the gap 

energy of the doped semiconductor material, its energy is used to excite an electron from the 

valence band to the conduction band and leave a hole (vacancy) in the valence level. Thus, a p-n 

junction semiconductor produces an electron-hole pair after absorbing a sufficiently high photon 

energy. The separation of the charge carriers occurs next. In an external solar circuit, holes can 
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flow away from the junction through the p-region, while electrons flow away through the n-

region and through the circuit then recombine with the holes. Finally, an electric circuit can be 

driven using the split electrons. The electrons will unite with the holes once they have completed 

the circuit. It is worth noting that in order to generate current efficiently, the n-type must be 

designed to be thinner than the p-type because the electrons can pass through the circuit in a short 

time and generate current before recombining with the holes. 

 

1.3 PV cells modelling 

Photovoltaic solar panels consist of photovoltaic cells connected in series or in parallel. PV cells 

are essentially p-n junction diodes that convert solar energy into electrical energy and an ideal 

PV cell can be equated to an ideal current source.In practice, the PV cell is modelled by an 

electrical circuit model according to Kirchhoff's current law [11]. The Single Exponential Model 

(SEM) and the Double Exponential Model (DEM) are often used to represent the equivalent 

circuit of a non-ideal solar cell, as shown in Figure 1.3. 

 

Iph
D Rsh

Rs

Vpv

Ipv

Iph
D1 Rsh

Rs

Vpv

Ipv

(a)

(b)

D2

 

Figure 1.3 The equivalent circuit of a solar cell (a) SEM model (b) DEM model 
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where Iph is the photo-generated current, Ipv represents PV module current, Vpv is PV module 

voltage; Rs represents the PV module series resistance, Rsh is the PV module parallel resistance. 

Compared to the SEM model (also known as single diode model), the dual diode model (also 

known as double diode model) increases the model parameters and provides superior 

performance and a more accurate simulation of the electrical characteristics of the solar cell. 

However, the single diode model is simple and easy to implement [12]. As this research does not 

consider the effects of complex environmental factors such as air pollutants, dust, etc., the single 

diode model will be explored. Equation 1.1 gives the output current of the solar cell. 

 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝐷 − 𝐼𝑠ℎ                                                        (1.1) 

 

where ID is the diode current and can be expressed as follows: 

 

𝐼𝐷 = 𝐼𝑠 (𝑒
𝑉𝐷
𝑉𝑡 − 1)                                                           (1.2) 

 

where IS represents dark saturation current. The diode equivalent voltage VD is given by: 

 

𝑉𝐷 = 𝑉𝑝𝑣 + 𝐼𝑝𝑣 ∙ 𝑅𝑆                                                           (1.3) 

 

The junction thermal voltage of the diode Vt, is given by: 

 

𝑉𝑡 =
𝐾𝑏 ∙ 𝑇 ∙ 𝐴

𝑞
                                                                  (1.4) 

 

where Kb is Boltzmann constant (1.38×10-23 J/K), T represents temperature in Kelvin, q is 

charge of the electron (1.6×10-19 C) and A is the ideal factor. For the monocrystalline silicon 

solar cell, A is chosen as 1.2 [13]. 

 

The leakage current Ish is expressed in Equation 1.5: 
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𝐼𝑠ℎ =
𝑉𝑝𝑣 + 𝐼𝑝𝑣 ∙ 𝑅𝑆

𝑅𝑠ℎ
                                                           (1.5) 

 

Substituting the above equation into Equation 1.1, the electrical characteristic of single diode 

PV module is given by: 

 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑠 (𝑒
𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠

𝑉𝑡 − 1) −
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑆

𝑅𝑠ℎ
                                     (1.6) 

 

Figure 1.4 shows the I-V characteristic of the solar module. 

 

ISC

VOC
 

Figure 1.4 I-V characteristic of the PV module 

 

The maximum voltage obtained from the PV module is defined as the open circuit voltage (VOC) 

while the maximum current obtained from the PV module is short circuit current (ISC). The 

equation of VOC is expressed as follows [14]: 

 

𝑉𝑂𝐶 =
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝑝ℎ

𝐼𝑠
+ 1)                                                    (1.7) 

 

The short-circuit current is given by [15]: 
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𝐼𝑆𝐶 = 𝑞𝐺(𝐿𝑛 + 𝐿𝑝)                                                          (1.8) 

 

where G is the generation rate, Ln and Lp are the diffusion lengths of electrons and holes, 

respectively. 

 

1.4 Introduction of PV emulator 

During the development of photovoltaic-related power electronics systems, researchers 

frequently need to carry out hardware experiments on actual solar modules under outdoor 

sunlight to access their designs. However, the electrical characteristics of PV solar panels are 

mainly influenced by irradiation and temperature [16, 17]. Real PV module outdoor 

experiments are uncontrolled and extremely dependent on the weather because irradiation and 

temperature are continually changing in outdoor environment. It is preferable to carry out PV 

module experiments under controlled conditions inside of laboratory. For this reason, numerous 

hardware devices known as PV module emulators or simulators that mimic a PV module's 

electrical properties have been proposed [6, 18, 19].  

 

1.4.1 Construction of PV emulator 

A PV emulator's primary aim is to accurately reproduce the electrical characteristic of a real 

PV panel. The emulator should be designed to properly represent the actual I-V and P-V curves 

in an environment that is not only under uniformly irradiation but also under partially shading 

conditions. In addition, the simulator must be easy to interact with external interfaces to 

perform various power electronics experiments. Therefore, a reliable PV emulator has the 

following characteristics: 

 

1. Ability to interact with external power electronics converters 

2. Ability to accurately simulate electrical characteristic under different irradiation conditions 

3. Ability to flexibly simulate the maximum power point of different photovoltaic solar panels 

 

The PV emulator consists of three main parts, the PV model, the control strategy and the power 
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stage [6]. The schematic of the general PV emulator is shown in the Figure 1.5. 

 

PV Model Control 
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G V
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Reference
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Current
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Voltage
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Feedback
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system

Output 
Current

Output 
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Output Voltage VPV

 

Figure 1.5 The schematic of the PV emulator [6] 

 

The first part of PV emulator is PV model. The aim of PV model is to create the electrical 

characteristic of the signal from a PV module. Real-time calculations of the PV model are 

necessary for the PV emulator to function successfully. Since accuracy of the I-V 

characteristics produced must not be compromised, the PV model employed in the PV emulator 

programme must stay simple. The control strategy is the second component of the PV emulator 

system. The control strategy is the bridge between the PV model and the power stage. It is to 

control the power converter to implement the PV emulator functions. The power converter is 

the third component of the PV emulator system. The electrical characteristic signal of PV model 

is converted by the power converter into an electrical characteristic that can transmit power. 

 

1.4.2 Classification of PV emulators 

One of the most commonly used techniques for the construction of emulators is the diode model 

approximation. Researchers have used the diode-based approximation method to simulate solar 

PV characteristics because PV panels display non-linear behaviour [20-22]. An operational 

amplifier-based analogue circuit is used to implement the design of the solar PV emulator based 

on the single diode approximation model in order to precisely duplicate the change in 

irradiation [23, 24]. The output current of diode model is given in Equation 1.6. It can be seen 

that the parameter settings of Ish, Iph, Rs and Rsh determine the value of the output current. Table 
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1.1 displays the importance of each element in diode modelling [18]. 

 

Table 1.1 Impact of components on the diode model PV emulator 

Component Representation 
Replacement PV 

Characteristic 

Current source Iph Irradiation losses Current characteristic 

Diode D Recombination losses Effect of temperature 

Resistance RS Rsh Ohmic losses Effect of load 

 

DC-DC converters are already widely used in solar PV emulators. In addition, to achieve 

impedance matching, DC-DC converters are typically utilised as an interface between the PV 

panel and the load [25]. For a converter-based PV emulator, it can be designed with a DC 

source coupled to the load via power electronic interface. Meanwhile, in order to obtain the 

expected electrical characteristics of solar panels, the researcher usually programs the 

controller according to the data sheet of the actual solar panel. For example, the structure of a 

boost converter-based and buck converter-based PV emulator is shown in Figure 1.6 [26, 27]. 
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Figure 1.6 Boost converter-based and buck converter-based PV emulators 
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However, conventional PV simulators are generally designed for simple external experimental 

conditions such as uniform irradiation or constant ambient temperature. Nowadays, the 

performance of MPPT algorithms under partially shading conditions is of increasing interest. 

Therefore, in order to test and validate advanced MPPT algorithms, PV simulators are required 

to simulate electrical characteristics in complex environmental condition. More and more 

commercial and digital-controlled PV emulators are being used in the field of photovoltaic 

system research. It is worth noting that high-end commercial emulators can almost simulate 

the electrical characteristics of actual solar panels. These emulators are completely independent 

of external environmental conditions and can simulate the P-V and I-V characteristic curves of 

solar panels under various complex conditions. In addition, commercial emulators can simulate 

the electrical characteristics of different solar panels depending on the actual situation, with the 

flexibility to obtain operating points [19, 28]. The electrical characteristics of the commercial 

emulator output are obtained by computer simulation based on the key parameters provided 

(e.g. open circuit voltage, short circuit current, local maximum power point voltage and global 

maximum power point voltage). However, the key data required may rely on advance outdoor 

measurements or data provided by solar panel manufacturer. The expected solar panel 

characteristics must be subjected to complex computer simulations. In addition, the high cost 

of commercial simulators must also be considered. The main commercial PV simulators 

available on the market include single panel simulators (output power less than 300W) and PV 

array simulators (output power greater than 300W). However, this type of PV simulator is 

expensive, ranging from a few thousand pounds to tens of thousands of pounds [29-31]. As a 

result, a great deal of research has been carried out on PV simulators to reduce the overall cost 

of PV simulators while effectively simulating the electrical characteristics of PV systems under 

various environmental conditions. A diagram of the commercial emulator system is shown in 

the Figure 1.7 [18, 32]. 
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Figure 1.7 Commercial PV emulator system 

 

1.5 Partial shading conditions in PV system 

For a photovoltaic system, power generation relies not only on a single solar panel, but on 

photovoltaic modules connected in series or parallel to form a photovoltaic array to meet the 

demand for voltage and current [33]. However, the power generation of a PV array is always 

lower than the sum of the power generation of the individual solar panels. This is mainly due 

to the fact that in practice the PV array does not operate at a uniform irradiance owing to 

weather changes or shading by buildings or dust covered on the solar panel surface [34]. Taking 

PV arrays connected in series as an example, even when some PV cells under the shading 

produce less photon current, all the cells in a series array are compelled to carry the same 

amount of current. When some cells provide less current than others, these cells will act as a 

load, operating in reverse bias mode and consuming the power generated by the normally 

operating cells. In this case, under partially shading conditions, hot spot reliability problems 

(high local solar cell temperatures) may occur if the PV array is not properly protected. Not 

only will the power generated by the PV array drop, but in extreme cases PV arrays may be 

irreversibly damaged [35]. Figure 1.8 shows the hot spot phenomenon in a PV array [36]. 
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Figure 1.8 Hot spot phenomenon in a PV array 

 

When reverse bias occurs in some solar cells, whether it is detrimental to the PV array depends 

primarily on the reverse current-voltage characteristics of the PV cell's p-n junction [37]. The 

reverse I-V characteristic is mainly influenced by two parameters: breakdown voltage VB and 

shunt resistance Rsh, where breakdown voltage VB is the maximum reverse voltage allowed to 

be applied to the p-n junction, Rsh is the parallel resistance (also known as shunt resistance) of 

the PV cell. Due to the shading problem, a small part of the current generated by the PV cell 

flows to the shunt resistor Rsh. This part of the current does not generate power and thus does 

not lead to a short circuit in the solar cell. However, it will cause the cell to heat up [38]. The 

bypass diode is added to the PV panel in order to deal with the hazards posed by the hotspot 

problem [39]. A typical PV panel with bypass diode is shown in Figure 1.9. 
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Figure 1.9 Schematic of typical PV array 

 

Each sub-module is connected to a diode connected in reverse parallel. When an area of the 

PV array is under partial shading, the bypass diode is used to provide a new flow path for the 

current generated by the normally operating cell to cross over to the faulty cell, thus avoiding 

hot spots and ensuring continuity of power generation. 

 

1.6 Introduction of maximum power point tracking technique 

Since solar energy is abundant and clean, energy generation from photovoltaic arrays will 

become the most important renewable energy source by 2040 [40]. Despite the many 

advantages of power generating through PV array, the efficiency of energy conversion is 

currently low. Factors including solar irradiation, PV cell temperature and surface dirtiness all 

have a significant impact on power generation of a solar panel [41]. Under uniform solar 

irradiation conditions, PV panels exhibit a non-linear PV power characteristic curve which are 

shown in Figure 1.10. 
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(a)                                     (b) 

Figure 1.10 Power characteristic curves of a PV panel under (a) constant temperature and 

variable irradiation (b) constant irradiation and variable temperature 

 

Therefore, in order to maximize the output of solar panels, the MPPT algorithm is applied to 

PV systems. The main goal of MPPT technology is to obtain the maximum output power from 

the PV system without being affected by the external environmental conditions (temperature 

and solar irradiation) [42]. There are two main types of MPPT control algorithms, conventional 

methods such as perturb and observe, and advanced methods such as fuzzy logic that will be 

mentioned in the next section. In order to select the appropriate algorithm for a PV system, 

several aspects should be evaluated, such as the required tracking accuracy, tracking speed, 

complexity of the PV system, cost, etc [43]. 

 

1.6.1 Conventional MPPT algorithms 

Conventional MPPT methods are simple, cost effective and easy to implement in PV control 

systems. Some of these methods are based on fixed-step methods; therefore, they can lead to 

considerable power losses due to oscillations that occur when the PV system is operating at the 

maximum power point [43]. In addition, under complex irradiation conditions, the 

conventional MPPT algorithm may lead to tracking failure of the PV system [5]. 
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1.6.1.1 Perturb and observe (P&O) MPPT algorithm 

The P&O algorithm is widely used for maximum power point tracking in PV systems because 

of its low cost and simple operation [44]. The basic working principle of P&O is to detect the 

maximum output power by continuously varying the system operating voltage. First, the actual 

output power is obtained by continuously detecting the output current of the solar panel and 

the operating voltage of the solar panel. By constantly changing the reference voltage, the 

output power of the current cycle is compared with the output power of the previous cycle. If 

the power change is positive, continue to perturb the system operating voltage and measure the 

next output power. If the change in power is negative, the reference voltage is reduced. By 

constantly perturbing the voltage, the operating voltage of the PV system will eventually 

oscillate around the maximum power point voltage. A schematic of the P&O method is shown 

in Figure 1.11. 
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Figure 1.11 Schematic diagram of P&O MPPT algorithm 

 

However, the drawback of this algorithm is the possibility of drift problems when the 

irradiation to which the PV system is exposed changes suddenly. The drift problem is due to 

the lack of identification of whether the increase in output power is due to voltage perturbation 

or to an increase in irradiation. Drift problems occur for increasing irradiation, and can be 

severe for rapid increases in irradiation that usually occur on cloudy days [45]. For example, 
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as shown in Figure 1.12, under stage 1, the PV system voltage operates at VMPP1 and the output 

power is PMAX1. If the system is subjected to an increase in irradiance stage 2, the output power 

will increase and the system operation voltage will tend to move to the VMPP2 to track the 

maximum output power. It is clear that VMPP2 is less than and to the left of VMPP1. However, the 

increase in irradiation level may cause the direction of perturbation to proceed to the right side, 

which is contrary to the new VMPP2 being to the left of VMPP1. This will result in a loss of power 

until the algorithm corrects the direction of the perturbation. Besides, since the traditional P&O 

algorithm is based on fixed steps, the operating voltage of the PV system will oscillate at the 

peak of the PV curve, so that the system will lose a certain amount of output power. The setting 

of the perturbation step will also affect the tracking speed and accuracy of the P&O algorithm. 

The tracking time at the maximum power point is always in conflict with the tracking accuracy. 

A large perturbation step ensures that the system tracks the MPP faster, but the losses caused 

by power oscillations also increase. A small step size reduces the system power loss, but is less 

efficient. The following Figure 1.13 shows the flow chart of the P&O algorithm 
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Figure 1.12 Schematic diagram of the P&O MPPT algorithm drift problem 
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Figure 1.13 Flow chart of the P&O algorithm 

 

1.6.1.2 Incremental conductance (INC) MPPT algorithm 

The basic principle of the INC MPPT method is based on slope of P-V characteristic curves of 

PV array [44]. Output The output current and voltage are measured at each step to obtain the 

instantaneous conductance (IPV/VPV) and the incremental conductance (dI/dV). Using Watt’s 

law and deriving the PV system output power P with respect to the operating voltage V, it is 

obtained: 

 

𝑑𝑃

𝑑𝑉
=

𝑑(𝑉 × 𝐼)

𝑑𝑉
= 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
                                               (1.9) 

 

1

𝑉

𝑑𝑃

𝑑𝑉
=

1

𝑉
+

𝑑𝐼

𝑑𝑉
                                                            (1.10) 

 

The schematic diagram of slope-based INC method shown in Figure 1.14. 
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(a) I-V curve                           (b) P-V curve 

Figure 1.14 Schematic diagram of INC method 

 

According to the schematic, when the PV system is operating at the maximum power point, 

there is dP/dV=0 and dI/dV=-I/V. When the tracking algorithm operates on the left side of the 

MPP, dP/dV＞0 and dI/dV＞-I/V. When the system is working on the right side of the MPP point, 

dP/dV＜0 and dI/dV＜-I/V. By continuously measuring the output voltage and current and 

comparing the results with those measured in the previous cycle, the voltage reference is 

continuously iterated to make the system work at MPP. The advantage of the INC method is 

that the oscillations are smaller when tracking the maximum power point. However, this 

algorithm is more complex compared to the P&O method and the accuracy of the 

measurements per cycle affects the performance of the algorithm. In addition, the INC method 

requires high system hardware performance [46, 47]. The flow chart of INC method is given 

in Figure 1.15. 
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Figure 1.15 Flow chart of the INC method 

 

1.6.2 Advanced MPPT algorithms 

Conventional tracking methods may be failures when the PV arrays are exposed to different 

radiation levels. In addition, high tracking time and high steady-state oscillations are not 

negligible problems [48]. To resolve the conflict between tracking time and output power of 

conventional methods, more and more advanced algorithms with variable step size are 

proposed. Besides, the implementation of artificial intelligence (AI) algorithms can effectively 

solve the problem of tracking failure in PV systems under complex environmental conditions 

[43]. 

 

1.6.2.1 Fuzzy logic (FL) method 

Since fuzzy logic techniques accurately predict the optimal voltage, current and power of PV 

systems without the need for precise mathematical models or exact inputs, it is considered an 
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intelligent method and is widely used in MPPT applications [49]. The fuzzy logic controller 

consists of four basic elements knows as the fuzzification, the rules, the inference engine and 

the defuzzification which can be seen in Figure 1.16. 
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Figure 1.16 Fuzzy logic controller block diagram 

 

The fuzzification step involves obtaining clear inputs, such as changes in PV system operating 

voltage or changes in system output power, and combining them with stored affiliation 

functions to produce fuzzy inputs. Input values are transformed into fuzzy variables by using 

triangular or trapezoidal membership functions. In general, the number of functions affects the 

system more than the type of function. Systems have higher accuracy but longer processing 

time when they have more membership functions. Systems with fewer membership functions 

exhibit better time response, but has a greater likelihood of bias [50]. A triangle membership 

function using negative large (NB), negative small (NS), zero (Z), positive small (PS), and 

positive large (PB) as linguistic variables is shown in the diagram 1.17. 
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Figure 1.17 Triangular Membership function of FLC 
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The second step in fuzzy logic control is rule evaluation. The fuzzy input will be sent to the 

inference engine to be evaluated by rules. The fuzzy processor uses pre-set rules to determine 

what control actions should occur in response to a given set of input values, producing the 

corresponding outputs. When the output of the inference method is generated, a defuzzification 

process should be implemented to convert the fuzzy variables into real values [50]. The output 

of the defuzzification phase depends on the output required by the designed system. For 

example, for MPPT algorithms, the output of the defuzzification can be either a duty cycle or 

a variable perturbation step. The success of the fuzzy logic MPPT method depends on the 

appropriate choice of fuzzy input variables and fuzzy rules. The advantages and disadvantages 

of some different fuzzy inputs are summarized in Table 1.2 [51]. It is clear that the input of 

fuzzy logic has a significant impact on MPPT performance. The focus of the MPPT algorithm 

should be taken into account when designing the FLC. For example, when the PV system 

operates near the maximum power point, MPP misjudgments do not occur, so the P-V slope 

and change of output power ΔPPV can be selected as input to the FLC to improve tracking 

efficiency. 

 

Table 1.2 Advantages and disadvantages of different FL input 

Input variable Advantages Disadvantages 

Rate of change of PV 

system output power (P-

V slope) and changes of 

slope 

The change in slope makes it easy to determine the 

location of the system operating voltage. 

1. Output errors and 

fluctuations may occur near 

the maximum power point. 

2. Poor tracking accuracy at 

low irradiance 

Rate of change of PV 

system ouput power (P-V 

slope) and changes of 

output power ΔPPV 

1. It is easy to determine if the system voltage is 

operating at the maximum power point. 

2. ΔPPV ensures tracking accuracy under low 

irradiation levels. 

Slope-based input could lead to 

misjudgments, which could 

result in power fluctuations 

Changes of PV system 

output power ΔPPV and 
A very straightforward and simple approach. 

1. Slow response when 

irradiation changes 



21 

 

changes of PV system 

output voltage ΔVPV 

2. Inability to identify the 

maximum power point 

3. Low tracking speed 

Changes of PV system 

output voltage ΔVPV and 

changes of PV system 

output current ΔIPV 

1. Suitable for tracking MPP under increasing 

irradiation or constant irradiation 

2. A very straightforward and simple approach. 

1. Slow response when 

irradiation changes 

2. Inability to identify the 

maximum power point 

3. The tracking accuracy of 

MPPT is not too high at low 

irradiance. 

 

1.6.2.2 Particle swarm optimization (PSO) MPPT method 

In 1995 Eberhart and Kennedy proposed the particle swarm theory. The principle of this 

algorithm is derived from the foraging behavior of birds and fish groups. The core idea of the 

method is to use the information sharing among individuals in the group to find the optimal 

solution for the whole group. The advantage of PSO is that it is simple and easy to implement 

and does not have many parameters to adjust [52, 53]. The basic principle diagram of the 

particle swarm method is shown in the Figure 1.18. 

xi(k)

xi(k+1)

Pibest

Gibest

wvi(k)
xi(k-1)  

Figure 1.18 Movement of a particle in PSO algorithm 

 

The standard formulation of the particle swarm algorithm is shown below: 
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𝑣𝑖
𝑘+1 = 𝜔𝑣𝑖

𝑘 + 𝑐1𝑟1(𝑃𝑖𝑏𝑒𝑠𝑡 − 𝑥𝑖
𝑘) + 𝑐2𝑟2(𝐺𝑖𝑏𝑒𝑠𝑡 − 𝑥𝑖

𝑘)                          (1.11) 

 

𝑥𝑖
𝑘+1 = 𝑥𝑖

𝑘 + 𝑣𝑖
𝑘+1                                                           (1.12) 

 

Where vi and xi are the velocity and position of particle; 𝜔 is inertia weight; r1, r2 are random 

variables between 0 and 1; 𝑐1 and 𝑐2 are positive constants represent the acceleration 

coefficients; Pbest is the individual best position of a particle and Gbest is the best position of all 

particles [53]. The working steps of the PSO algorithm are explained as follows while the flow 

chart is given in Figure 1.19 [54].  

 

Step 1: Particle initialization. Particles are randomly and uniformly distributed in the search 

space 

Step 2: Fitness evaluation. By providing the potential solution to the objective function, fitness 

is evaluated. 

Step 3: Update individual and global best position. 

Step 4: Update velocity and position of each particle. The velocity and position of each particle 

in the particle swarm will be updated according to Equations 1.11 and 1.12. 

step 5: Determination of iteration termination. Check if the iteration is terminated. If the 

conditions for termination are met, then the optimization search can be terminated. Otherwise, 

the search will continue. 
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Figure 1.19 The flow chart of PSO method 

 

PSO algorithms have been widely used in PV systems, and they can be divided into three main 

categories: standard PSO method, modified PSO method and hybrid PSO method. The 

advantages of the standard methods over the traditional MPPT methods are good performance 

under partial shading conditions, simplicity of implementation and high accuracy under 

constant weather conditions [47]. However, the tracking process of this method requires 

constant scanning of the PV curves and updating, and thus may lead to long tracking time and 

large computational effort for the PV system, which results in large power loss. Modified PSO 

methods typically improve the search speed and reduce the output power oscillation based on 

standard PSO methods. However, it may be more complex and place greater demands on the 

system performance. The hybrid PSO MPPT method has better tracking time and accuracy than 

the traditional PSO method, and is a very promising MPPT method [55].  

 

1.6.2.3 Ant colony optimization (ACO) MPPT method 

The ACO method was first proposed by Dorigo and has recently been successfully used in a 

number of applications in the MPPT field. Ant colony optimization method mimics the 

behavior of an ant colony and is an algorithm to find the optimal solution based on the behavior 
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of ants searching for food [56]. 

 

Ants search for food randomly in a certain area and they leave a pheromone trail behind them 

as they move. Ants within a colony have the ability to sense pheromones and they will walk 

along paths with higher pheromone concentrations. In the process of searching, ants with 

shorter paths release more pheromones. Therefore, the accumulated pheromone concentration 

on the shorter paths gradually increases, and the number of ants choosing that path also 

increases. In this way, the ants always pursue the shorter path to the food source during the 

optimizing process [57]. The schematic diagram of the ACO algorithm is shown in Figure 1.20. 
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Figure 1.20 The schematic diagram of the ACO algorithm 

 

The steps of the ACO-based MPPT algorithm are as follows [57, 58]. 

Initialize ant locations. A certain number of ants are deployed at random locations within the 

range interval in which the MPP is likely to occur. In the MPPT technique, the ant locations 

correspond to the duty cycle of the DC-DC converter. The PV system output power 

corresponding to the duty cycle is considered as the pheromone concentration. For each ant 

position, the ACO algorithm will calculate the corresponding output power of the PV system. 

In this step, the ant with the highest pheromone concentration will stay in its original position, 

while the rest of the ants will adjust their position to move closer to the ant with the highest 

pheromone concentration. When all ants have completed their movement, one iteration is 

considered complete. Repeat the above steps until all ants have converted to MPP. 
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The ACO algorithm has many advantages which provides parallel computing and has a strong 

global search ability. However, in the early search stage, the convergence of the ACO search 

can be very slow due to the low amount of information available because of low concentration 

of pheromones [59]. 

 

1.6.2.4 Hybrid MPPT method 

Although conventional algorithms are low cost and easy to be applied, they have the potential 

to make the system fail in tracking under complex environmental conditions; or lead to large 

power losses in the PV system due to the limitations of fixed step size. Besides, the difficulty 

involved in advanced MPPT algorithm strategies and the increasing system computing 

requirements make the implementation cost of these techniques a must to be taken into account 

[60]. To overcome the limitations of traditional fixed step voltage disturbances, advanced and 

conventional techniques are often combined to improve the conflict between the MPPT 

algorithm transient response and MPP power fluctuations [61]. 

 

Some common applications are the use of fuzzy logic as a variable step generator in 

combination with traditional MPPT methods. Fuzzy logic controllers are combined with P&O, 

INC algorithms respectively, to improve MPPT performance of MPPT algorithm [62, 63]. On 

the other hand, advanced and traditional methods are combined to simplify the complexity of 

MPPT algorithms. For example, the combination of PSO and P&O algorithm ensures that the 

MPPT algorithm does not suffer from output power loss due to tracking failure under complex 

environmental conditions [64]. 

 

1.6.3 Comparison study of existing MPPT methods 

Due to the nonlinear curve of the PV system output voltage and current, MPPT techniques have 

been developed to maximize power generation. The overall characteristics of the mentioned 

MPPT technique are summarized by Table 1.3 [41, 46, 47, 65]. It is worth to mention that the 

efficiency of MPPT methods can be calculated by comparing the actual power generation of 

the PV system with the theoretical maximum output power of the PV system. The efficiency 

can be calculated using the following formula: 
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𝜂 =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 × 100%                 (1.13) 

 

Table 1.3 Characteristics of mentioned MPPT methods 

Characteristic P&O INC FL-P&O PSO ACO 

Stability High High High  High  High 

Convergence speed High High Very high Very high  Very high 

Complexity Low Low Moderate High High 

Implementation Easy Easy Moderate Moderate Moderate 

Efficiency Over 97% Over 97% Over 98% Over 98% Over 98% 

 

The main advantages of traditional MPPT algorithms, such as P&O and INC, are their low cost 

and ease of application. However, they have long tracking time and considerable oscillations 

around the MPP. In addition, it is possible that the MPP cannot be tracked accurately under 

complex irradiation conditions. On the other hand, advanced MPPT methods, such as fuzzy 

logic, PSO, and ACO, effectively improve the performance of the MPPT and reduce the search 

time of the system as well as the oscillations at steady state. However, they are more complex 

and more expensive to implement than traditional MPPT methods. Therefore, on the basis of 

ensuring that the PV system can accurately track the MPP under complex irradiation conditions, 

traditional MPPT algorithm and advanced MPPT algorithm are combined to build the hybrid 

MPPT algorithms to achieve superior performance. 

 

1.7 Summary  

The PV emulator is an important application for power electronics experiments on photovoltaic 

systems. It not only provides the researcher with controlled external conditions, but also allows 

for a repeatable experimental environment. In addition, the PV emulator should be easy to 

interact with power electronics. At the same time, the limitations of the actual PV system should 

be taken into account, such as hot spot issue, simulating partially shading conditions, etc. Due 
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to the non-linear curves obtained by the PV system, MPPT methods are developed to extract 

maximum power generation. The main advantages of conventional MPPT methods are their 

low cost and ease of application. However, they suffer from high stabilization times and large 

power losses when tracking. Advanced MPPT methods, on the other hand, reduce the rise time 

and the oscillations in the steady state, but the complexity of the system is higher. Therefore, 

in order to reduce the complexity of the advanced techniques and improve the performance of 

the conventional MPPT, hybrid MPPT methods are proposed in this thesis. 

 

1.8 Objectives of the thesis 

1. The objective of this thesis is to propose a novel partial shading emulation system of a PV 

array which was constructed by using unirradiated solar panels and external current sources in 

a laboratory environment in which each external current source (DC power supply) is 

connected in parallel with a solar panel. The constructed PV array partial shading emulation 

system has the same dynamic characteristics as that of the PV array under actual sunlight. By 

regulating the output currents of the parallel-connected current sources, the proposed PV array 

emulation system can emulate the electrical characteristics of various connected PV array under 

various solar irradiance and partial shading conditions. The proposed PV simulator can be used 

for power electronics experiments on PV systems, providing researchers with a PV 

experimental system with controlled and reproducible external environmental conditions. 

2. Two MPPT algorithms for partial shading conditions were developed and verified using the 

proposed PV emulator. The hybrid global search and adaptive P&O algorithm performs a 

global search in the area of the PV system where the maximum power point is likely to occur 

and is therefore unlikely to miss the global maximum power point. After the location of the 

maximum power point has been determined the algorithm switches to a local adaptive P&O 

algorithm to reduce the power loss during tracking. The proposed fast global tracking (FGT)-

fuzzy logic P&O algorithm searches the voltage locations of only seven possible maximum 

power points of the PV system per iteration at the early stage and narrows the search area with 

each iteration. This has the advantage of significantly reducing the computation of the 

algorithm and reducing the requirement for system computing power. After obtaining an 

approximate maximum power point for the PV system the algorithm moves to a local fuzzy 
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logic P&O algorithm to continue tracking in order to reduce the power loss in the tracking 

process. The performance verification of the designed algorithms has been validated using 

proposed emulation system, boost converter and dSPACE Real Time Interface (RTI) hardware. 

The proposed MPPT algorithms can track the MPP of the PV system under partial shading 

conditions. In addition, the proposed MPPT methods combines the advantages of both 

conventional and advanced methods to provide faster tracking speed and higher efficiency at 

steady state compared to existing MPPT algorithms. 

 

1.9 Thesis synopsis 

Chapter 1: Gives an over review of the topic, providing general information of PV emulator 

system and maximum power point tracking algorithm as well as contributions. 

Chapter 2: In this segment, the proposed PV emulator system is presented. The operational 

principle as well as test results are shown. The experimental results show that the proposed PV 

emulator can simulate the electrical characteristics of real PV system under uniform irradiation 

and partial shading conditions.  

Chapter 3: On this chapter, it is covered the proposed MPPT algorithm under partial shading 

conditions. The design methods and principles of the two MPPT methods are presented. 

Chapter 4: The overall topology of PV emulator system and simulation results of the proposed 

MPPT algorithms are presented in this section. Simulation results show the superior tracking 

performance of the two proposed MPPT methods. 

Chapter 5: The experimental verification results obtained from dSPACE system are presented 

in this chapter. The experimental results are consistent with the simulation results, again 

demonstrating the feasibility of the proposed algorithm. 

Chapter 6: Presents the conclusions of proposed PV emulator and MPPT algorithms under 

partial shading conditions.  

Chapter 7: In this chapter, presents the future improvement direction of proposed PV emulator 

and MPPT algorithms. The microcontroller will be used as an alternative to the dSPACE 

control system to re-validate the proposed MPPT method. 
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Chapter 2. External current source-based unilluminated PV emulation system 

2.1 Introduction 

In this section, a PV emulator is constructed by using a real PV panel and a DC power supply. 

By regulating the output currents of the parallel-connected current sources, the proposed PV 

array emulation system can emulate the electrical characteristics of various connected PV array 

under various solar irradiance conditions. The math model and electrical characteristic of the 

PV emulator were discussed and analyzed, explaining the reasons for the differences between 

the PV simulator and the actual solar system. In addition, the proposed PV emulator simulates 

the I-V, P-V characteristics of a PV system under uniform and partially shading irradiation 

conditions.  

 

2.2 Single solar panel emulator system 

The operational principle of the proposed PV source emulating system is by connecting an 

external current source in parallel with a solar panel [66]. The equivalent circuit of the emulated 

PV source is shown in Figure 2.1. 

 

 

Figure 2.1 Equivalent circuit of the emulated PV source 

 

Due to the low irradiation in an indoor environment, there is no photo-current from a solar 

panel can be generated. Therefore, an external current source is employed and connected in 

parallel with the solar panel. The photo-current generated by actual sunlight is represented by 

the current source current. Variation of the external current source current represents different 
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irradiance levels of solar irradiance received by the solar panel and it will be easy to emulate 

the variation of solar irradiance by regulating the current source current. DBP in Figure 2.1 

represents the bypass diode integrated with the PV panel. The role the bypass diode is to avoid 

hot spots formed when some solar cells in a PV panel or some PV panels in a PV array receive 

less solar irradiance than others during partial shading [67]. To simplify the description of the 

operational principle and characteristics of the emulated PV source, the single-diode model 

was used to represent the equivalent circuit of the emulated PV source. The equivalent circuit 

of a single diode solar panel is shown in Figure 2.2. 

 

Iph
D Rsh

Rs

Vpv

Ipv

 

Figure 2.2 The equivalent circuit of a single diode solar panel 

 

The general I-V characteristic is given by: 

 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑠 (𝑒
𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠

𝑁𝑠𝑉𝑡 − 1) −
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑆

𝑅𝑠ℎ
                                    (2.1) 

 

where Vt is the junction thermal voltage, IS represents dark saturation current, RS is panel series 

resistance, Rsh represents the panel parallel resistance, NS is the number of cells connected in 

series [68]. 

 

The photo-generated current, Iph, is mainly influenced by irradiation and is proportional to the 

solar radiance falling on the solar panel. Since the dark saturation current IS is very small, the 

output current of the solar panel is mainly dominated by the Iph. For an emulated PV panel, the 
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generated current is supplied by an external current source and is injected into the PV panel 

through RS. The voltage across the diode can be seen in Equation 2.2: 

 

𝑉𝐷_𝑒𝑚𝑢 = 𝑉𝑝𝑣 − 𝐼𝑝 ∙ 𝑅𝑆                                                       (2.2) 

 

In indoor conditions, assume the photo-current generated by indoor light is zero. The electrical 

characteristics of the emulated PV simulator can be expressed by Equation 2.3: 

 

𝐼𝑝𝑣_𝑒𝑚𝑢 = 𝐼𝑐𝑠 − 𝐼𝑠 (𝑒
𝑉𝑝𝑣𝑒𝑚𝑢−𝐼𝑝𝑅𝑠

𝑛𝑁𝑠𝑉𝑡 − 1) − 𝐼𝑠ℎ                                 (2.3) 

 

𝑉𝑝𝑣_𝑒𝑚𝑢 = 𝐼𝑝𝑅𝑆 + 𝑉𝑡𝑅𝑆 ∙ 𝑙𝑛
𝐼𝑝 − 𝐼𝑠ℎ + 𝐼𝑠

𝐼𝑠
                                    (2.4) 

 

𝐼𝑠ℎ =
𝑉𝑝𝑣 − 𝐼𝑝𝑅𝑠

𝑅𝑠ℎ
                                                              (2.5) 

 

Where Ipv_emu and Vpv_emu are the terminal current and voltage of the emulated PV source, Ics 

represents the external current source current, Ip represents the current injected into the PV panel, 

Is represents the dark saturation current, Rs and Rsh are the series and shunt resistances of the solar 

panel, n is the diode quality factor, Ns is the number of series-connected PV cells in the PV panel, 

Vt is the solar cell thermal voltage, where k is Boltzmann’s constant (1.38 × 10−23J/K), q is the 

elementary charge (1.6 × 10−19 C), and T is p−n junction temperature in Kelvin [69]. For a given 

DC source current ICS, the current injected into the real solar panel is: 

 

𝐼𝑝 = 𝐼𝑐𝑠 − 𝐼𝑝𝑣_𝑒𝑚𝑢
                                                          (2.6) 

 

Nevertheless, it is important to note that temperature also influences the performance of the solar 

panel in addition to solar irradiance. The Equation for the excitation current ICS is shown below 

[66]: 
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𝐼𝑐𝑠 = [ 𝐼𝐶𝑆𝑆𝑇𝐶
+ 𝐶𝑇(𝑇 − 𝑇𝑟𝑒𝑓)]

𝑆

𝑆𝑟𝑒𝑓
                                        (2.7) 

 

where Ct represents the temperature coefficient of photo-current which is 1.7×10-3
 (A/K), T is 

actual cell temperature, Sref represents reference irradiation 1000W/m2. 

  

To evaluate the proposed PV source emulation system, a test system was set up as shown in 

Figure 2.3, where a SUNTEC 175 W solar panel STP175S-24/Ac was employed and connected 

with an external source (TENMA 72-2940 Programmable Bench Power Supply) in parallel. The 

parameters of a single PV panel under standard test conditions (STC) (i.e. irradiance 1000W/m2, 

module temperature 25℃) can be seen in Table 2.1. 

 

Figure 2.3 Equivalent circuit of the emulated PV source 

 

Table 2.1 The parameters of solar panel STP175S-24/Ac 

Parameter and components Value 

Maximum output power 174.24 W 

Short-citcuit current ISC 5.2 A 

Open-circuit voltage VOC 44.2 V 

Current at MPP IMPP 4.95 A 

Voltage at MPP VMPP 35.2 V 

Cells per Module 72 

 



33 

 

A PRODOGIT 3362F DC load was employed for measuring the I-V and P-V characteristics of 

the emulated PV source. The DC Load operated in its constant voltage (CV) mode and the 

voltage was swept from 0 to 44.2 V (open-circuit voltage of the solar panel) with a step of 0.5 

V. Figure 2.4 shows the measured and datasheet given I-V and P-V curves of the proposed PV 

source emulator with three different solar irradiance levels emulated by setting three different 

external current source current levels and the given characteristic from datasheet (thick solid 

line). The three different current levels of the external current source current was set as ICS = 

1.0 A, ICS = 3.0 A, ICS = 5.2 A, respectively. 

 

(a) I-V curves 

 

(b) P-V curves 

Figure 2.4. Measured electrical characteristics of the constructed PV source based on a single 

solar panel at different current source currents 
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It can be observed that the emulated I-V and P-V curves are quite close in nature to those 

produced by the real PV panel, despite the fact that there is a minor error between the measured 

I-V curve from the emulated PV panel and that provided by the datasheet of the actual PV panel. 

The error occurs mainly when the system operating voltage crosses the maximum power point 

voltage. According to the Equation 2.6, the current supplied by the DC power source remains 

constant and as the voltage increases, the output current of the solar panel will decrease, 

resulting in an increase in the current injected into the solar panel. The product of the series 

resistance and the current injected into the solar panel from the external current source results 

in the difference between the simulator I-V characteristic curve and the actual solar panel 

datasheet, as shown in Equation 2.8 [27]: 

 

∆𝑉 = 𝑅𝑠 ∙ 𝐼𝑝                                                               (2.8) 

 

According to the I-V characteristic curves, it is known that when the PV system is operating at 

the open circuit voltage of the solar panel, all the current supplied by the DC voltage source 

will be injected into the solar panel. When the current flowing through Rs increases, the 

equivalent voltage of Rs also increases, which leads to a maximum voltage error of ΔVMAX. 

Based on the difference of open circuit voltage between measured emulated PV panel values 

and datasheet given values, the series resistance of the PV panel can be estimated by: 

 

𝑅𝑆_𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 =
𝑉𝑝𝑣_𝑒𝑚𝑢_𝑜𝑝𝑒𝑛 − 𝑉𝑝𝑣_𝑑𝑎𝑡𝑎𝑠ℎ𝑒𝑒𝑡_𝑜𝑝𝑒𝑛

𝐼𝐶𝑆
                                     (2.9) 

 

When the emulated PV system is under 1000W/m2 irradiation conditions (ICS=5.2 A), the open 

voltage of the PV emulator is 46.3V and the datasheet given open circuit voltage is 44.2V. 

Therefore, the estimated series resistance is about 0.4 ohms. It is important to note that, in 

addition to the Ics, the temperature also has an impact on electrical characteristic of PV array. 

The effect of temperature variation on MPP values has not been considered in this thesis due 

to the small temperature variations in room and the temperature cannot easily be controlled at 

a constant level. The electrical characteristics provided by the simulator are almost identical to 
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those of an irradiation illuminated PV module. In contrast to actual outdoor PV panels or other 

emulator solutions, the PV emulator presented requires only simple laboratory equipment to 

implement. 

 

2.3 Partial shading emulation of PV array using the proposed PV source emulator 

I-V and P-V characteristic curves above show that by applying an external current source, the 

solar panel can be effectively simulated under various irradiation conditions. Therefore, a new 

emulation system consisting of two PV emulators connected in series can be used for emulating 

partial shading performance of a PV array. When the partial shading occurs, the PV array is 

operating under uniform insulation as results of partial shading, the photocurrent of shaded PV 

cells reduces while the unshaded cells remain higher photo-current. In this case, the shaded 

cells will operate in reverse bias region and consume power due to reverse voltage polarity and 

resulting in a hot spot and potential cell breakdown. With commercial PV panels, an anti-

parallel bypass diode is usually connected to the PV panel to limits the reverse voltage and 

reduce the power loss in the shaded panel [70]. This partial shading and the additional bypass 

diode result in complicated shape of the P-V curves characterized by multiple peaks including 

several local maximum power points (LMPPs) and a global maximum power point (GMPP). 

These multiple peaks might result in conventional maximum power point tracking (MPPT) 

trapped around an LMPP and therefore reduce the actual power output significantly [71]. When 

the PV emulator is connected in parallel, the simulated PV system is not partially shading 

because in a parallel circuit each solar panel has an independent current path. The output 

voltage of each solar panel connected in parallel is the same, which means that even if one of 

the solar panels is partially shading, the other solar panels can still continue to output current 

without being affected. Based on the idea presented in previous section, this section will present 

a novel PV array emulator that can emulate partial shading performance of PV array with both 

series and parallel connections of PV panels. The laboratory set up is shown in Figure 2.5. 
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Figure 2.5 Laboratory set up for proposed unilluminated emulated PV system 

 

2.4 Series-connected solar panels emulator system 

Based on the idea presented in section 2.2, a partial shading emulation system using two series-

connected solar panels and two external current sources was proposed and constructed. The 

equivalent circuit of the partial shading emulation system and experiment setup are shown in 

Figure 2.6.  
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Figure 2.6 Equivalent circuit of proposed emulated PV system 
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Two SUNTEC 175 W solar panels (STP175S-24/Ac) were employed and connected in series. 

As the solar panel located inside the laboratory with very weak solar insulation, there is almost 

no photo-current generated from indoor solar panels, i.e. iph  0. The photo-currents of the two 

solar panels were emulated by output of the two TENMA 72-2940 Programmable Bench 

current sources, respectively. Assumes that two solar panels are identical with the same leakage 

current, dark saturation current, as well as the same external current source current ICS, the 

output current and output voltage of the emulated PV system were derived as 2.10 and 2.11: 

 

𝐼𝑝𝑣_𝑒𝑚𝑢 = 𝐼𝐶𝑆 − 𝐼𝑠 (𝑒
𝑉𝑝𝑣𝑒𝑚𝑢−𝐼𝑝∙𝑚∙𝑅𝑠

𝑉𝑡∙𝑚∙𝑁𝑠 − 1) − 𝐼𝑠ℎ                                  (2.10) 

 

𝑉𝑝𝑣_𝑒𝑚𝑢 = 𝐼𝑝(𝑚𝑅𝑆) + 𝑉𝑡(𝑚𝑅𝑆) ∙ 𝑙𝑛
𝐼𝑝 − 𝐼𝑠ℎ + 𝐼𝑠

𝐼𝑠
                            (2.11) 

 

where m=2 represents the number of solar panels connected in series [27]. 

 

2.4.1 Emulated electrical characteristics under uniform solar irradiation 

Figure 2.7 shows the measured and datasheet given (thick solid lines) electrical characteristics 

of the emulated PV array based on two series solar panels with different solar irradiance, the 

different solar irradiance level was emulated by setting both external current source current as 

1A/3A/5A (corresponding to the actual I-V and P-V curves under 200W/m2, 600W/m2 and 

1000W/m2 solar irradiance). 
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(a) I-V curves 

 

(b) P-V curves 

Figure 2.7 Measured and datasheet given electrical characteristics of the emulated PV 

arrays based on two series solar panels 

 

2.4.2 Emulated electrical characteristics under partial shading 

By varying the current source currents, various solar irradiance received by each solar panel 

can be emulated. Figure 2.8 shows the I-V and P-V curves at two current source setting. In the 

first partial shading condition, the two current sources were set as ICS1=3A, ICS2=1A, 

respectively. In the second case, the two current source currents were set as ICS1=5A ICS2=3A, 

respectively. Since the anti-parallel connected bypass diodes integrated with the solar panels 

provide an alternate current path, the solar panels no longer carry the same current when partial 
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shaded. In this case, there are multiple maximum power points developed in the P-V curve as 

shown in Figure 2.8. The emulated P-V curves, therefore, can be used to test advanced MPPT 

algorithms to find the actual global maximum power point (GMPP) for partial shading 

conditions. 

 

 

(a) I-V curves 

 

 

(b) P-V curves 

Figure 2.8 Measured and datasheet given electrical characteristics of the emulated PV arrays 

under two different partial shading operation conditions 
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Figures above show that two solar panels connected in series work under partial shading, and 

the I-V and P-V curves are different from the PV system operating under uniform irradiation, 

with two peaks, which are similar to the given datasheet and simulation results. 

 

2.5 Parallel-connected solar panels emulator system 

Figure 2.9 shows an equivalent circuit partial shading emulation circuit based two parallel-

connected solar panels and two external current sources. 
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Figure 2.9 The proposed PV array partial shading emulation system with two parallel-

connected unilluminated solar panels 

 

For each emulated PV panel, one blocking diode is connected in series between the external 
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current source and output terminal for blocking the current injecting into the PV panel from 

other current sources when emulate partial shading operation of the PV array. Assumes that 

two unilluminated solar panels are identical with the same leakage current, dark saturation 

current, as well as the same external current source current ICS, the output current and output 

voltage of the PV emulation system, were derived as Equation 2.12 and 2.13: 

 

𝐼𝑝𝑣_𝑒𝑚𝑢 = 𝑚𝐼𝑐𝑠 − 𝑚𝐼𝑠 (𝑒
𝑉𝑝𝑣𝑒𝑚𝑢−𝐼𝑝⋅𝑅𝑠

𝑉𝑡⋅𝑁𝑠 − 1) − 𝑚𝐼𝑠ℎ                              (2.12) 

 

𝑉𝑝𝑣_𝑒𝑚𝑢 = 𝐼𝑝(𝑅𝑠) + 𝑉𝑡(𝑅𝑠) ⋅ 𝑙𝑛
𝐼𝑝 − 𝐼𝑠ℎ + 𝐼𝑠

𝐼𝑠
                                   (2.13) 

 

where m=2 represents the number of solar panels connected in parallel [27]. 

 

2.5.1 Emulated electrical characteristics under uniform solar irradiation 

Figure 2.10 shows the measured and datasheet (thick solid lines) electrical characteristics of 

the emulated PV array with on two parallel-connected unilluminated solar panels at three 

different emulated solar irradiances. The curve 1 (blue lines), curve 2 (red lines) and curve 3 

(black lines) represent the I-V and P-V curves emulated by setting both current source currents 

Ics1 and Ics2 as 1A/3A/5A, respectively (corresponding to the actual I-V and P-V curves under 

200W/m2, 600W/m2 and 1000W/m2 solar irradiance). 
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(a) I-V curves 

 

(b) P-V curves 

Figure 2.10 Measured and datasheet given electrical characteristics of the emulated PV arrays 

based on two parallel solar panels 

 

In the case of two different blocking diodes (one is Infineon D08S120, one is D12S60C) the 

conduction resistances of two blocking diodes are different. For D08S120, at 25℃, when the 

current through the diode is 7.5A, the voltage is 1.65V. Therefore, the on-resistance of the diode 

is about 0.22Ω. At the same temperature, when D12S60C passes 12A current, the diode voltage 

is 1.5V, and the on-resistance is around 0.083Ω. The datasheets of D08S120 and D12S60C are 

shown in [72] and [73]. The difference of the conduction resistance results in unbalanced 
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currents between the two output currents of two emulated PV panels in parallel, as shown in 

Figure 2.11 and Figure 2.12. In Figure 2.12 (a) both two current source currents were set as 3A, 

however as the different of the conduction resistance of the two diodes the short circuit current 

of the first emulated PV panel is about 3.5 A, and the second is about 2.5 A, the two output 

currents are unbalanced significantly. Figure 2.12 (b) shows the measured output currents of 

emulated solar panels with two different blocking diodes, in this case, both the two current 

source currents were set as 5 A. However, as the different of the conduction resistance of the 

two diodes the short circuit current of the first emulated PV panel is about 6.2 A, and the second 

is about 4.8 A, the two output currents are unbalanced significantly. 

 

 

(a) Ics1=3 A, Ics2=3 A 
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(b) Ics1=5 A, Ics2=5 A 

Figure 2.11 Measured output currents of emulated solar panels with two identical blocking 

diodes  

 

 

(a) Ics1=3A, Ics2=3A 
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 (b) Ics1=5A, Ics2=5A 

Figure 2.12 Measured output currents of emulated solar panels with two different blocking 

diodes  

 

2.5.2 Emulated electrical characteristics under partial shading 

By setting the two current source currents Ics1 and Ics2 differently, various I-V and P-V curve 

of PV array with parallel-connected solar panels under partial shading conditions can be 

emulated. Figure 2.13 shows electrical characteristics under two different partial shading 

conditions. The blue curves represent emulated I-V and P-V curves with ICS1=3A, ICS2=1A, 

which corresponds to the electrical characteristics of two PV panel under 600W/m2 and 200 

W/m2 solar irradiance respectively. The red lines represent emulated I-V and P-V curves with 

ICS1=5A, ICS2=3A, which corresponds to the electrical characteristics of two PV panel under 

1000W/m2 and 600 W/m2 solar irradiance respectively. It is observed with the exist of blocking 

diode there is no multiple peaks in the power-voltage curves of the PV array. The output current 

of the PV array emulation system equals the sum of the output current of two solar panels. It is 

worth mentioning that it is easy to regulate emulated photo-current of each panel by simply 

regulating the current of the current source connected. Therefore, the proposed system can 

emulate both static and dynamic current easily. 
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(a) I-V curves 

 

(b) P-V curves 

Figure 2.13 Measured and datasheet given electrical characteristics of the emulated PV arrays 

under two different partial shading operation conditions 

 

The experimental results of the emulation PV system using two different blocking diodes 

(Infineon D08S120, one is D12S60C) under partial shading conditions were measured, as 

shown in Figure 2.14 below. In Figure 2.14 (a) two current source currents were set as ICS1=3A, 

ICS2=1A, however as the different of the conduction resistance of the two diodes, the short 

circuit current of the first emulated PV panel is around 2.2 A, and the other one is around 2.5 
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A. When two external current sources were set as ICS1=5A, ICS2=3A, Figure 2.14 (b), the short 

circuit current of the first emulated panel is about 4.8 A while the other one is 3.2 A, which are 

not equal to the injection current. The results verified the use of different blocking diodes leads 

to output current imbalances. 

 

 

 

(a) ICS1=3A ICS2=1A 

 

(b) ICS1=5A ICS2=3A 

Figure 2.14 Measured output currents of emulated solar panels with two different blocking 

diodes 

Ipv_emu1 

Ipv_emu2 

Ipv_emu2 

Ipv_emu1 

Ipv_emu 

Ipv_emu 
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2.6 Summary 

The emulation results show the constructed PV emulator can effectively simulate the operation 

of PV systems under general and partial shading conditions. Detailed circuit connection and 

operational principle were discussed. Various partial shading characteristics of PV array both 

with series-connected PV panels and parallel-connected PV panel were emulated using the 

proposed PV array emulation system. With the proposed system, the partial shading level can 

be emulated easily by regulating the external current source current so that the system can 

provide repeatable test conditions which are an essential function for testing power electronics 

converters and MPPT algorithms effectively. It is worth noting that the proposed PV emulator 

will experience an output voltage shift compared to the actual PV system. The open circuit 

voltage shift is greatest when the emulator is operating under high irradiation conditions. At 

lower irradiation levels, the electrical characteristics of the PV emulator almost match the 

electrical characteristics of the actual PV system. In addition, the choice of blocking diode will 

also affect the performance of the PV emulator. The application of blocking diodes with 

different internal resistances can result in a branch current bias at the output of a parallel PV 

emulator. To ensure proper operation of the PV emulator, blocking diodes of the same size 

should be used. 
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Chapter 3. MPPT algorithms under partial shading conditions 

3.1 Introduction 

It is important to extract the maximum available power from a PV system without being 

affected by changes in external irradiance. However, due to the occurrence of partial shading 

conditions, the power output of the PV array is drastically reduced and therefore the efficiency 

decreases. When the PV system is in a uniform irradiance situation, the characteristic curve of 

the PV array has only one maximum power point, and conventional MPPT algorithms can 

easily track to a single maximum power point. However, PV systems are not always under 

uniform irradiation. In partially shading conditions, the conventional MPPT technique may fail 

because it is not possible to distinguish between the local and global maximum power points. 

As a result, research into tracking the maximum power point of PV systems under partial 

shading conditions is becoming increasingly popular. The P&O method is widely used in the 

MPPT technique. However, as the conventional P&O method is based on a fixed perturbation 

step, it has limitations in terms of tracking speed and tracking efficiency. Variable perturbation 

step is an effective means to improve the performance of P&O methods and has received much 

attention from researchers. It is worth noting that the P&O algorithm lacks global search 

capability and tracking failures may occur under partial shading conditions. In addition, MPPT 

technique with global search capability may be deficient in local search capability. A cascading 

strategy that combines global search with P&O methods is a promising development and will 

be explored in this chapter. These hybrid methods are able to accurately search for global 

maximum power point under partial shading conditions, but also has good local search 

capabilities, thus improving the speed and efficiency of the MPPT technique for MPPT tracking. 

 

3.2 Hybrid Global search adaptive perturb and observe MPPT algorithm 

This thesis proposes a global search method based on the working principle of the P&O method 

to overcome the shortcomings of the traditional P&O method which lacks global search 

capability. In the proposed algorithm, the global search method searches for the maximum 

possible power point of the PV system by constantly perturbing the system operating voltage. 
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Some researchers have concluded that the global peak of PV solar panels never exceeds 0.9 

Voc [74, 75], where Voc is the open circuit voltage of PV array under standard test condition 

(STC). According to the datasheet of emulated PV panels, the upper search boundary is set as 

80V. The global search process is as follows: 

 

Step 1. Initialize the parameters of the algorithm, at which point the mark flag of the algorithm 

is 0. Set the duty cycle range and the initial duty cycle. As the maximum power point of a PV 

system does not normally exceed 0.9 times the open circuit voltage, the reference voltage Vref 

is set to 80V.  

 

Step 2. Detect the operating voltage of the PV system Vpv. If the current voltage Vpv is less 

than the set reference voltage Vref, it means that the global search has not yet been completed. 

Therefore, change the duty cycle of the boost converter to obtain the new voltage.  

 

Step 3. After obtaining the new PV system operating voltage, multiply the measured PV system 

output current Ipv, to obtain the PV system output power Ppv. 

 

Step 4. The algorithm will compare the difference between the current PV system output power 

and the output power of the previous iteration, retaining the maximum power detected by the 

system during the global search process. 

 

Step 5. When the global search is completed, the output voltage corresponding to the detected 

maximum power output of the system will become the new reference voltage. Mark flag 

changes from 0 to 1. 

 

When flag changes to 1, the maximum power point voltage Vmpp recorded by the algorithm 

during the global search will become the new reference voltage Vref_mpp. The algorithm 

returns to step 2 to restart the iteration until the PV system is operating at the new reference 

voltage. Once the search is complete to obtain the voltage Vmpp for the maximum power, the 

algorithm continuously checks for sudden changes in power. If the output power of the PV 
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system varies too much, it means that the voltage at the maximum power point of the PV system 

may change significantly. In this case, the algorithm will go back to step 1 and initialize all 

parameters and restart the global search. 

 

A noteworthy issue is that sudden changes in irradiation do not necessarily result in a change 

in the global peak of the P-V curve but in a shift in Vmpp. Therefore, if the inappropriate choice 

of the global search restart condition can lead to a loss of power during the search. To avoid 

power loss due to invalid restart conditions, the proposed algorithm introduces an adaptive 

perturbation observation method. The adaptive perturbation observation method performs a 

local optimisation after searching for the global MPP. This avoids the problem of power loss 

due to small changes in irradiation. 

 

As the traditional P&O method is based on fixed-step perturbations, there is a conflict between 

reducing oscillations in the PV array output power near the maximum power point and tracking 

speed. Larger perturbation steps ensure a faster dynamic response of the algorithm but can lead 

to excessive oscillation of the PV array output power around the MPP. Conversely, a small 

perturbation step reduces the power loss around the MPP but slows the dynamic response to 

changes in irradiation. 

 

The proposed adaptive P&O algorithm based on the slope of the P-V curve automatically 

adjusts the perturbation step during the tracking of the MPP in order to overcome the limitations 

of the traditional P&O algorithm. The schematic is shown in Figure 3.1. At a constant 

irradiance (stage 1), when the operating voltage is far from the MPP, the increasing Vpv leads 

to a continuous increase in the output power of the PV system every cycle. For example, as the 

operating voltage moves from V1 to V2, the slopes K1 and K2 have similar values. As the 

operating voltage moves closer to the MPP, the slope of the P-V curve slowly decreases with 

each perturbation cycle until it equals to zero. This means that large perturbation steps are 

applied to the P&O algorithm when the PV system is operating at voltages away from the MPP, 

which can effectively increase the tracking speed. As the operating voltage of the PV system 

approaches MPP, the slope of the P-V curve becomes smaller. At this point small steps are 
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applied to the P&O method to reduce the oscillations of the operating voltage near the MPP, 

thus reducing power losses and improving tracking efficiency. As the irradiation level changes 

from stage 1 to stage 2, it produces a considerable change in output power. From the Figure 3.1 

it can be seen that the slope around K4 is greater than the slope around K3, so the proposed 

algorithm will track to the new maximum power point at a faster speed. The discretized Ipv 

and Vpv are used as input signals to the algorithm and the slope of the P-V curve is calculated 

by comparing the power change to the voltage change. As the operating voltage may be on 

either side of the MPP the absolute value of the slope is taken. If the slope of the P-V curve is 

greater than 1 then a fixed perturbation step of 0.5V is chosen, otherwise the slope is multiplied 

by a scaling factor as a perturbation step to reduce system oscillations around the MPP. 
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Figure 3.1 The schematic diagram of slope-based adaptive perturbation step size 

 

The flow chart of the proposed hybrid global search adaptive P&O algorithm is shown in Figure 

3.2. The algorithm takes advantage of the global search algorithm's merit-seeking capabilities 

and scans the entire search space, so it is unlikely to miss the global maximum power point. 

The proposed MPPT method continuously perturbs the system operating voltage and records 

the output power of the current cycle. The output power of each cycle is compared to determine 

the maximum power point voltage of the PV system. After the GMPP is tracked, adaptive P&O 

replaces the global search to begin local optimisation. As the PV system is already operating 
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near the maximum power point voltage, the adaptive P&O algorithm oscillates around the MPP 

in small steps. When the irradiation level changes slightly, the adaptive P&O method changes 

the perturbation step to track the new MPP more quickly. If the irradiation level changes 

significantly, the maximum power point of the PV system is likely to be far away from the 

previous maximum power point. Therefore, the global search stage is restarted to ensure that 

the PV system is operating at the global maximum power point. 
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Figure 3.2 The flow chart of the proposed MPPT algorithm 
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3.3 Hybrid fast global maximum power point tracking algorithm assisted through fuzzy 

logic based variable step-size perturb and observe method 

 

3.3.1 Proposed MPPT through fast global tracking (FGT) method 

This thesis proposes a novel global search algorithm to address the shortcomings of current 

algorithms with global search capabilities, such as the ACO method, which are slow to track in 

the early stages of the search. The proposed FGT algorithm increases the speed as the search 

progresses to improve the tracking efficiency. FGT algorithm is implemented as follows: 

 

Step 1. Initialization. For the fast global tracking MPPT algorithm, seven duty cycle particles 

namely p(1) to p(7) are applied. The positions of these particles are held in memory and are 

called continuously in each iteration. The setting of the number of iterations affects the 

efficiency and accuracy of the algorithm. If the number of iterations is too big, the final search 

results will be closer to the real maximum power point but will take longer time. Before the 

start of the iteration, these particles are positioned uniformly in the searching space 

corresponding to the voltage. It is worth to mention that this method of initializing duty ratio 

ensures convergence to global maximum power point. Vstart and Vend indicate the lowest and 

highest point in the search space [76]. The upper bound of the search space is set as 0.9*Voc 

while Voc is the open-circuit voltage of the series PV panels. As a result, the probable searching 

space falls between 0V and 80V. 

 

Step 2. The boost converter is engaged and power generation is computed according to the duty 

ratio obtained from step 1. The algorithm will record the seven output power values generated 

by each iteration. 

 

Step 3. In this step, the duty ratio with the highest power with becomes reference position 

(pbest) and remains at its position. One iteration is completed when all duty cycle particles 

have updated their locations. All others six particles adjust their position by the equation below: 
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𝑝 = 𝑝(𝑖) + (𝑝𝑏𝑒𝑠𝑡 − 𝑝(𝑖)) × (
𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝑖)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 
)

2

× 𝑟𝑎𝑛𝑑()                     (3.1) 

 

Where, p(i) is the position of a particle and the velocity coefficient of the particle is 

sqrt(iteration(i)/number of iterations). Pbest is the best location for global particles.         

Rand() represents a random value between 0 and 1. When the global particle optimum position 

Pbest is greater than the current particle position p(i), the difference between Pbest and p(i) is 

greater than zero. Therefore, according to the particle update equation, the duty cycle 

corresponding to the updated particle position will become larger, moving towards the global 

optimum position Pbest. The velocity of a particle moving during a global search will be limited 

by the velocity coefficient. As can be seen from the equation, the speed of convergence of a 

particle is related to the number of iterations. A fast search speed makes the PV system fall into 

a local optimum easily while a slower search speed can improve the accuracy of the system, 

but not conducive to transient response. In the early stage of tracking, slower search speeds of 

the algorithm are deployed to ensure accurate GMPP finding. As the iteration proceeds, the 

search area becomes smaller, therefore speed up the tracking to reach the MPP. The relationship 

between particle convergence speed and number of iterations of the algorithm is shown in 

Figure 3.3. It is obvious that the particles move faster as the iterations progress. Furthermore, 

the larger the number of iterations set to terminate, the slower the particles move, although 

more accurate tracking may be guaranteed. In addition, during the global search, particles 

moving too fast may cause the algorithm to miss GMPP and fall into a local optimum solution. 

Too slow a convergence speed will increase the search time and thus lead to a loss of power 

generation. In this case, the velocity coefficient will be multiplied by a random value between 

0 and 1 to ensure the randomness of the particles during the global search. In this way, the 

accuracy and efficiency of the algorithm is ensured, with good transient response performance 

and less chance of missing the global maximum power point tracking. 

 

Step 4. Repeat step 2 and step 3 until the iteration is completed and all particles approach to 

the GMPP. 

 

Step 5. Detect power drops. Changes in output power of the PV system imply a change in 
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external conditions, which leads to a possible varies in the MPP of the system. The algorithm 

will re-initialise and move back to step 1 if the output power has changed. 

 

Figure 3.3 The relationship between particle convergence speed and number of iterations of 

the algorithm 

 

By constantly narrowing the search area and by speeding up the particle movement, the 

efficiency of the MPPT method can be improved while ensuring that the global maximum 

power point is tracked.  

 

3.3.2 Fuzzy logic P&O MPPT method 

Due to its simplicity and low-cost, Perturb and observe (P&O) approach has been widely used 

in PV systems for tracking maximum power point [45]. The traditional P&O method works as 

shown on the left side of Figure 3.7, where the output voltage and output current of the PV 

system are detected at each sampling cycle and the output power is calculated. The algorithm 

continuously perturbs the system operating voltage, comparing the power change ΔP(k) and 

voltage change ΔVref(k) between cycles to determine whether the PV system is currently 

operating to the left or right of the maximum power point, so that the operating voltage can be 

increased or decreased in the next cycle. However, the traditional P&O fails to track the GMPP 

when solar systems are affected by PSC which leads to power extraction limitation. Hence, the 

conventional MPPT is often combined with advance fuzzy logic controller to overcome the 
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tracking difficulties under complex irradiation conditions. In addition, the downsides of this 

method include inadequate tracking, which may occur when irradiation varies suddenly, as well 

as slow tracking of rising time towards MPP. In steady-state situations, this approach also ends 

in continual oscillations of power generation around the MPP. There is always a conflict 

between tracking convergence of rising time and small power oscillation in steady-state. In 

order to minimise settling times and reduce power oscillations around the maximum power 

point, a variable step size MPPT method was investigated using fuzzy logic techniques. The 

variable step size MPPT method was developed using fuzzy logic techniques to create a 

constantly changing perturbation step size as an input to the traditional P&O algorithm. The 

fuzzy logic controller has two inputs: the first is the variation of power between current and 

previous cycle ΔP(k) and the second input is the instantaneous slope of P-V curve S(k), where 

S(k)=∆P(k)/∆Vpv(k), ∆Vpv(k) is the difference between the output voltage of the current 

cycle and the previous cycle. The choice of these two inputs makes it easy to identify if the 

operational point is on the MPP's left or right side. Additionally, it facilitates tracking speed at 

low irradiation conditions [51]. The algorithm converts from the continuous time domain to 

discrete PV panel voltages and currents and calculates the inputs ΔP(k) and S(k) to the fuzzy 

logic controller. Based on these two inputs, the proposed method generates a variable 

perturbation step in each processing cycle. This variable perturbation step will be applied to 

the traditional P&O method to replace the fixed perturbation step. 

 

In order to fuzzify the specific values entered into the fuzzy logic controller; triangular 

membership functions membership functions are often applied. The defined membership 

functions are implemented through the MANDANI fuzzy inference system. Assuming that the 

PV system is suddenly exposed to uniform irradiation, the P-V characteristic curve has only 

one maximum power point. Taking the P&O algorithm as an example, the MPPT algorithm 

continuously perturbs the PV system in certain steps and determines whether the maximum 

power point is tracked by comparing the power difference between the current cycle of the PV 

system and the previous cycle. In the early stages of the perturbation, as the PV system 

operating voltage point is to the left of the MPP point, this means that every change in the 
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reference voltage causes an increase in output power. Given the characteristics of the P-V curve, 

ΔP(k) is always a constant large value until the MPPT algorithm tracks to the maximum power 

point. As the system operating voltage approaches MPP, the variation in output power 

decreases. When the system is operating at the MPP point, ΔP(k) equals 0. Due to the inertia 

of the PV system and the P&O algorithm, the system operating voltage can overshoot. In this 

case, the operating voltage will shift to the right of the MPP with a negative value of ΔP(k). 

The P&O algorithm will correct the direction of the perturbation so that the system operating 

voltage will oscillate around the MPP. Considering the small power variation near the MPP, 

the range of ΔP(k) for the input of fuzzy logic controller is defined as [-3,3]. In addition, the 

principle of setting the range of S(k) is similar to that of ΔP(k). When the system operating 

voltage is far from the MPP, the corresponding slope of the P-V curve is large. Assuming that 

the operating voltage is to the left of the MPP, S(k) is a positive value. As the operating voltage 

approaches the MPP, the value of S(k) decreases. When the PV system is operating at the MPP 

point, S(k) is 0. If the system operating voltage is overshoot, S(k) is negative. If the system 

operating voltage is to the right of the MPP and away from the MPP point, the value of S(k) 

becomes smaller. The range of ΔP(k) and S(k) for the input of fuzzy logic controller is shown 

in Figure 3.4. 
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Figure 3.4 The membership function of proposed fuzzy logic controller (a) change of power; 

(b) PV curve slope S(k) 
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In the proposed MPPT algorithm, the fuzzy logic controller is used as an auxiliary system to 

improve the performance of the traditional P&O MPPT method, therefore the output of the 

fuzzy logic controller is chosen to be a variable perturbation step (ΔV). The expectation is that 

the fuzzy logic controller gives the P&O algorithm a large perturbation step when the PV 

system is operating at a voltage away from the MPP to reduce the early search time. As the 

operating voltage of the system approaches the MPP, the step size of the perturbation becomes 

smaller to reduce the oscillations of the PV system around the MPP and thus reduce power 

losses. ΔV range for the output of fuzzy logic controller is shown in Figure 3.5. 
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Figure 3.5 The membership function of proposed fuzzy logic controller for variable 

perturbation step 

 

The fuzzification block analyses the variation of power and the measured slope of the P-V 

curve and inference is based on the set of fuzzy rules. In order to fuzzify the values of the input 

fuzzy controller and establish the relationship between the input and output, the values of the 

input and output are defined as negative big (NB), negative small (NS), zero (Z), positive small 

(PS), positive big (PB). The 25 IF THEN rules are given in Table 3.1. 
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Table 3.1 Fuzzy Logic Rules 
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Figure 3.6 depicts the viewer surface of fuzzy logic controller link between fluctuation of power, 

measured slope of P-V curve, and variable step-size output. 

 

 

Figure 3.6 Viewer surface plot of the FLC 

 

The flow chart of fuzzy logic P&O algorithm is given in Figure 3.7. 
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Figure 3.7 The flow chart of fuzzy logic P&O algorithm 

 

3.3.3 Description of FGT-fuzzy logic P&O algorithm 

The flow chart of the proposed algorithm is shown in Figure 3.8. Fast global tracking (FGT) 

method execute a global search in the early stage of scanning. A certain number of particles are 

evenly distributed over the duty cycle corresponding to the voltage at which the MPP may 

occur. The output power corresponding to each particle is detected and the particle 

corresponding to the maximum output power is used as the reference particle. Using the 

reference particle as a reference, the position of each particle is updated by means of a position 

update formula. The above steps are repeated until the iteration termination condition is met. 

The fuzzy logic-based P&O algorithm intervenes in the tracking when the global search is over. 

The P&O method will track the maximum power point more accurately around the global 

maximum power point. With the variable step size provided by the FL controller, only small 

oscillations in the operating voltage of the PV system occur, thus effectively reducing the power 
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loss of the PV system. 

 

This cascaded strategy integrates the benefits of the FGT algorithm and P&O method to speed 

up the search while ensuring that the GMPP is accurately tracked. The simulation results of the 

proposed MPPT algorithm can be seen in next section. 
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Figure 3.8 Flow chart of the proposed MPPT algorithm 
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3.4 Summary 

This chapter presents two cascading strategies for MPPT methods, both of which can track to 

the maximum power point under partial shading conditions. The intervention of the cascade 

strategy facilitates the MPPT local search. When the PV system is subjected to small changes 

in irradiation, the maximum power point is likely to shift only slightly. At this point if the global 

search method is restarted, this will result in more power loss. Therefore, the P&O method can 

be applied to locally search for the maximum power point of the PV system, reducing the power 

loss caused by restarting the global search. It is worth mentioning that the proposed global 

search adaptive P&O method is simple to apply, searching the area where the MPP is likely to 

occur only once in the early global search stage. This has the advantage that the search is fast, 

but if irradiation changes occur during the search stage, the global MPP tracked may be 

inaccurate. For the proposed FGT-fuzzy logic P&O method, the early stage of the global search 

is based on the continuous reduction of the search area. This increases the complexity of the 

algorithm, but provides greater assurance of the accuracy of the global MPP tracked. In general, 

the MPPT method applied depends on the complexity of the PV system and the variability of 

the external irradiation. 
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Chapter 4. Simulation results of the proposed MPPT algorithms  

4.1 Introduction 

The two proposed MPPT methods will be verified in this chapter by means of simulation 

procedures. The results of the simulations are based on MATLAB/Simulink 2020a and take 

into account the parameters designed to simulate and test the system. The MPPT methods will 

be combined with the proposed PV emulator as well as a boost DC-DC circuit to test the 

performance of the MPPT methods under different irradiation conditions. Simulation circuits 

and simulation results are explained in detail in the following sections. 

 

4.2 Boost DC-DC converter 

DC-DC converters are widely implemented as a switch-mode converter to control an 

unregulated input voltage to obtain steady and constant output voltage. Due to variations in 

irradiation and temperature, the unregulated input of DC-DC converters, which is obtained 

from PV array will fluctuate. Although the input voltage varies in these converters, the average 

DC output voltage needs to be managed to equal the required value [77]. Hence, DC-DC 

converters are widely used in electric system of renewable energy. The boost converter was 

chosen as the appropriate topology for the thesis simulation and experiment because the 

electronic load must should function at higher voltage level than the ones supplied by PV array. 

The boost converter consists of a boost inductor, a controlled switch, a diode and a capacitor. 

The topology of boost converter is illustrated in Figure 4.1. 
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Figure 4.1 Topology of boost converter 
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In continuous conduction mode, the boost converter has two stages in each switching cycle, on 

and off state. Under on-state mode, switch S is connected, the energy of the inductor is 

increased by the current flowing through it from the power source, and diode D prevents the 

negative current to circulate from the load to the input source. Under off-state mode, switch S 

is disconnected, the stored energy is transferred from the inductor to the load. As a result, the 

output voltage is increased om accordance with the switch duty cycle. Besides, the capacitor 

connected in parallel with the load is to keep the output voltage stable and to reduce the ripple 

of the output voltage [78]. The working mode of boost DC-DC converter in one cycle is shown 

in Figure 4.2 and 4.3. 
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Figure 4.2 Boost converter on state equivalent circuit 

 

C

D

LoadS

L

Vin

+

-

 

Figure 4.3 Boost converter off state equivalent circuit 

 

Assuming that the time of switch conduction is TON, we have TON = D × TS , where D is duty 

cycle and TS is one complete switching cycle. TOFF is the duration of off state so that TOFF = 

(1-D) × TS. According to Figure 4.1, the drain-to-source resistance RDS will lead to a small 
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voltage drop of VDS. Additionally, a minor voltage drop across the inductor is equal to IL × RL. 

During on state, the voltage across the inductor is equal to VIN – (VDS + IL × RL), where VIN is 

the input voltage of boost converter. Since the applied input voltage is constant, the inductor 

current also increases linearly. The increase of inductor current during the on-state condition 

can be expressed by the following relationship: 

 

𝑉𝐿 = 𝐿 × 
𝑑𝑖𝐿
𝑑𝑡

                                                                 (4.1) 

 

∆𝐼𝐿 = 
𝑉𝐿

𝐿
 ×  ∆𝑇                                                               (4.2) 

 

The inductor ripple current during on-state period is given by: 

 

∆𝐼𝐿+ = 
𝑉𝐿 − ( 𝑉𝐷𝑆 + 𝐼𝐿 × 𝑅𝐿)

𝐿
 ×  𝑇𝑂𝑁                                        (4.3)  

 

According to Figure 4.3, when boost converter is in off-state, the voltage across the inductor is 

equal to (VOUT + VD + IL × RL) - VIN, where VD is diode forward voltage and VOUT is the output 

voltage. Since the input voltage is constant, the inductor current decreases linearly which can 

be expressed below: 

 

∆𝐼𝐿− = 
𝑉𝑂𝑈𝑇 + 𝑉𝐷 + 𝐼𝐿 × 𝑅𝐿

𝐿
 × 𝑇𝑂𝐹𝐹                                         (4.4) 

 

In the steady state conditions, the increase in current in the on state should be equal to the 

decrease in current in the off state. Therefore, the output voltage VOUT of the boost converter 

can be obtained from the following conversion relationship: 

 

𝑉𝑂𝑈𝑇 = (𝑉𝐼𝑁 − 𝐼𝐿 × 𝑅𝐿) × (1 + 
𝑇𝑂𝑁

𝑇𝑂𝐹𝐹
) − 𝑉𝐷 − 𝑉𝐷𝑆 × (

𝑇𝑂𝑁

𝑇𝑂𝐹𝐹
)                (4.5) 

 

It is known that TS = TON + TOFF, D = TON/TS, the steady-state equation for VOUT is:  
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𝑉𝑂𝑈𝑇 = 
𝑉𝐼𝑁 − 𝐼𝐿 × 𝑅𝐿

1 − 𝐷
− 𝑉𝐷 − 𝑉𝐷𝑆 × 

𝐷

1 − 𝐷
                                   (4.6) 

 

Assuming that VDS, VD and RL are small enough to ignore, which are equal to zero. The output 

voltage can be simplified as: 

 

𝑉𝑂𝑈𝑇 = 
𝑉𝐼𝑁

1 − 𝐷
                                                              (4.7) 

 

The above equation shows that the output voltage of the boost converter VOUT can be adjusted 

by changing the duty cycle D. For an ideal boost converter, when the duty cycle is zero, the 

input and output voltages of the boost converter are equal, VIN = VOUT. When the duty cycle is 

infinitely close to 1 it results in an infinitely output voltage VOUT. Figure 4.4 illustrates the 

relationship between the input and output voltages for different duty cycles, where 𝑉OUT ≥ 𝑉IN. 

 

 

Figure 4.4 Relationship between input and output voltages of an ideal boost converter at 

different duty cycles 

 

In addition, the input current (inductor current) for an ideal boost converter can be obtained: 
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𝐼𝐼𝑁 =
𝑉𝐼𝑁

𝑅𝐿(1 − 𝐷)2
=

𝐼𝑂𝑈𝑇

1 − 𝐷
                                                        (4.8) 

 

In order to prevent instability in the control loop and to ensure the proper operation of the boost 

converter, the duty cycle limitations of the practical application need to be taken into account. 

Compared to the ideal boost converter without power loss, the actual converter produces a 

lower output voltage at the same duty cycle due to the voltage drop across the inductor and 

MOSFET. For a non-ideal boost converter, the estimated duty ratio (D) can be expressed as 

[79]: 

 

𝐷 = 1 −
𝑉𝐼𝑁 × 𝜂

𝑉𝑂𝑈𝑇
                                                                  (4.9) 

 

Where η is the efficiency of the regulator. In practice the relationship between boost converter 

and duty cycle is shown in Figure 4.5  
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Figure 4.5 Relationship between Vout/Vin and duty cycle for a non-ideal boost converter 

 

For a non-ideal boost converter, RLOAD is not infinite and the VOUT/VIN conversion characteristic 

includes three regions [80]. When controller duty cycle D is smaller than critical duty cycle 
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DCRITICAL, where DCRITICAL is the duty cycle at the maximum voltage output from the boost 

converter, there is positive gain and the characteristics of the output and input are close to the 

ideal relationship equation. When controller duty cycle D is equal to critical duty cycle 

DCRITICAL, the boost converter provides a maximum output voltage of VMAX. When controller 

duty cycle D is bigger than critical duty cycle DCRITICAL, the boost converter will operate in the 

negative gain region, with the output voltage decreasing as the duty cycle increases. The 

approximate duty cycle range of a boost converter can be calculated by the following 

equation[81]. 

 

𝐷𝑀𝐼𝑁 ≅
𝑉𝑂𝑈𝑇 + 𝑉𝐷 − 𝑉𝐼𝑁−𝑀𝐴𝑋

𝑉𝑂𝑈𝑇 + 𝑉𝐷
                                                     (4.10) 

 

𝐷𝑁𝑂𝑀 ≅
𝑉𝑂𝑈𝑇 + 𝑉𝐷 − 𝑉𝐼𝑁−𝑁𝑂𝑀

𝑉𝑂𝑈𝑇 + 𝑉𝐷
                                                     (4.11) 

 

𝐷𝑀𝐴𝑋 ≅
𝑉𝑂𝑈𝑇 + 𝑉𝐷 − 𝑉𝐼𝑁−𝑀𝐼𝑁

𝑉𝑂𝑈𝑇 + 𝑉𝐷
                                                     (4.12) 

 

Where VIN-MAX is the maximum input voltage range with the value of 44.2V to 88.4V which is 

the open circuit voltage of single panel and two series-connected PV panels. The value of VOUT 

is 50V to 100V. VD is the forward voltage of the output diode, usually set to 0.5V. Therefore, a 

duty cycle operating range of 10% to 90% in which many boost controllers operates properly 

is appropriate based on the above formula and parameters settings. 

 

4.3 Simulation results of hybrid global search adaptive perturb and observe MPPT 

algorithm 

 

For the demonstration of the proposed algorithm, two series-connected PV panels are presented 

in this section. The simulation equivalent circuit is shown in Figure 4.6. 
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Figure 4.6 Equivalent circuit of simulation set up for global search adaptive P&O 

algorithm 

 

According to the previous measured PV characteristics, the emulated PV system has similar 

characteristics to the actual I-V and P-V curves at 600W/m2 and 200W/m2. Figure 4.7 shows 

that the PV system is under two different partial shading cases.  

 

 

Figure 4.7 Case 1 and case 2 P-V curves from datasheet 
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It can be seen above that case 1 has a GMPP of 143W at 73.8V and GMPP for case 2 is 98.14W 

at 34.85V. 

 

A conventional fixed step size (0.5V) P&O MPPT and the proposed adaptive P&O with global 

search method were simulated in MATLAB/Simulink. Both solar panels are initially not 

exposed to irradiation under the initialization conditions. After that, one of the simulated solar 

panels is under irradiation 600W/m2 while the other panel irradiation is 400W/m2. At 0.15s, 

the irradiation changes from 400W/m2 to 200W/m2 which results in a different GMPP. The 

sampling time of the P&O algorithm was set as 5ms corresponding to perturbation frequency 

200Hz. Figure 4.8 shows the voltage waveforms under different irradiation. The proposed 

MPPT algorithm crossed the local maximum power point and eventually tracked the global 

MPP. The results also indicate that the proposed algorithm has faster dynamic response when 

the irradiation varies (0.05s and 0.1s). In addition, the steady-state oscillations around MPP 

shown in the zoom-in figures is reduced greatly with proposed adaptive P&O algorithm. 

 

 

Figure 4.8 Voltage comparison of conventional P&O MPPT and the proposed adaptive 

variable step size P&O MPPT 
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Figure 4.9 Power comparison of conventional P&O MPPT and the proposed adaptive 

variable step size P&O MPPT 

 

Figure 4.9 shows the PV output power waveforms. The output power waveforms verify that 

the proposed adaptive P&O algorithm improves tracking speed and reduce the oscillation at 

the maximum power point. It is worth noting that the adaptive P&O algorithm has better 

steady-state performance in low irradiation condition. 

 

4.4 Simulation results of FGT-fuzzy logic P&O algorithm 

 

4.4.1 Simulation results of FGT algorithm 
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Figure 4.10 Equivalent circuit of simulation set up for FGT-fuzzy logic P&O algorithm 
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The simulation equivalent circuit of two series-connected PV system is shown in Figure 4.10. 

Two solar panels series-connected PV system is considered with pattern 1 and pattern 2 for 

simulation demonstration. In pattern 1, the global maximum power point voltage of the PV 

system is 74V, corresponding to a system maximum output power of 143W. In pattern 2, the 

global maximum power point voltage of the PV system is 34.85V while the maximum output 

power is 98.14W. Both solar panels are initially under zero irradiation at the beginning. Later, 

the PV system is under pattern 1 irradiation condition. At 1s, the irradiation changes from 

pattern 1 to pattern 2 which results in a different GMPP. In addition, the main drawback of 

FGT method is the conflict between tracking time and tracking accuracy. Hence, the setting of 

the number of iterations will affect the performance of FGT method. Furthermore, the power 

oscillations during tracking process cannot be ignored. Generally, the greater the number of 

iterations, the more accurate the tracked MPP is, but the longer the required computational time 

becomes. A smaller number of iterations allows the algorithm to converge quickly to the best 

position, but may result in inaccurate tracked MPP. The MPPT program was developed in 

MATLAB/Simulimk. The sampling time of MPPT algorithm is equal to switching frequency. 

The computed results of output power and voltage with varying number of iterations are shown 

below. 
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Figure 4.11 Simulation results for five times iterations of FGT MPPT algorithm 

 

Figure 4.11 shows the simulation results of FGT MPPT algorithm with five iterations. The 

power curve show indicates large oscillation in the early stage of tracking, owing to particle 

exploration; however, as the tracking progresses, the turbulations considerably decreases. At 

0.2 seconds, the FGT algorithm completed its iteration and output the global best position. 

However, the output did not satisfy the conditions for terminating the iteration, so the 

computing was restarted. In this way, the result of the FGT algorithm at 0.2 seconds can be 

seen as a tracking failure because the PV system is not operating at the maximum power point. 

At 0.4 seconds, the restarted FGT algorithm tracked the PV system MPP, at which point the 
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output voltage was 73.6V and the output power was 142W. The same tracking failure also 

occurs under pattern 2. The restarted FGT algorithm tracked the MPP after 0.52 seconds, the 

PV system had an output voltage of 33.3V and an output power of 96.7W. 
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Figure 4.12 Simulation results for ten times iterations of FGT MPPT algorithm 

 

Figure 4.12 shows the simulation results of FGT MPPT algorithm with ten iterations. At 0.42 

seconds, the PV system is operating at maximum power point. The output voltage of PV system 

Vpv is 73.7V while the output power of the PV system Ppv is 142.6W. At 1 second, the 

irradiation conditions change from pattern 1 to pattern 2. The FGT algorithm detects a large 
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power fluctuation and therefore restarts the computing in the range of possible voltage Vpv. 

After 0.35 seconds, the maximum power point of the PV system in pattern 2 is tracked by the 

FGT algorithm. At this point the output voltage of the PV system is 34.6V and the output power 

is 98W. It is worth to mention that when the iteration termination condition of FGT algorithm 

is set to ten times, no tracking failure occurs during the global tracking process. For the same 

irradiation variation conditions, ten iterations of FGT method has a better transient response 

compared to five iterations FGT method, with an average improvement of 30%. In addition, 

the PV system output is closer to the maximum power output of the system under ideal 

conditions, which means that the MPPT is more efficient when the termination condition of the 

FGT algorithm is set to ten times. 
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Figure 4.13 Simulation results for fifteen iterations of FGT MPPT algorithm 
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Figure 4.13 shows the simulation results of FGT MPPT algorithm with fifteen iterations. The 

optimization time for the FGT algorithm was 0.56 seconds under pattern 1 and the output power 

of the PV system Ppv is 142.3W. At 1 second, the irradiation conditions change from pattern 1 

to pattern 2. The proposed FGT method yielded 98 W and required 0.49 seconds to settle to a 

new MPP. In terms of convergence speed, the fifteen times iteration method is slower than the 

previous FGT algorithm, as the method requires a more comprehensive search to be completed 

to set a new MPP. 

 

 

Table 4.1 Performance comparison of different iteration setting 

Iteration Irradiation 
Power 

(W) 

Tracking 

time (s) 

Efficiency 

(%) 

5 
Pattern 1 142 W 0.4 s 99.3% 

Pattern 2 96.7 W 0.52 s 98.5% 

10 
Pattern 1 142.6 W 0.42 s 99.7% 

Pattern 2 98 W 0.35 s 99.8% 

15 
Pattern 1 142.3 W 0.56 s 99.5% 

Pattern 2 98 W 0.49 s 99.8% 

 

The comparison of different termination conditions for FGT MPPT algorithm is summarized 

in Table 4.1. The setting of the number of iterations directly affects the performance of the 

MPPT algorithm and thus the efficiency of the PV system power generation. Therefore, it is 

important to set the proper number of iterations for a given PV system. In general, for simple 

PV systems, such as single solar panels or systems under uniform irradiation, a smaller number 

of iterations can be sufficient. However, for complex PV systems, such as multiple solar panels 

or under PSC, more iterations are required to ensure that the PV system works on MPP. For the 

proposed PV emulator system, the number of iterations is set to 5, 10, 15 and the performance 

is evaluated. As can be seen from the Table 4.1, the setting of the number of iterative 

termination conditions significantly affects the performance of the MPPT. The setting of fewer 

iterations allows the FGT algorithm to quickly track to near the PV system maximum power 

point, but does not guarantee that the system is operating at the accurate MPP at the end of the 

iteration. Furthermore, with a small number of iterations, over-spreading of particles in the 
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FGT algorithm may cause the FGT algorithm to restart, resulting in increased search time due 

to tracking failure. On the contrary, a larger number of iterations ensures that the particles in 

the FGT algorithm converge, thus avoiding tracking failures. As the number of iterations is not 

infinite, the MPPT efficiency of 10-iteration (99.7%~99.88%) and 15-iteration setting 

(99.5%~99.8%) is significantly higher than the efficiency of 5-iteration setting (98.5%~99.3%). 

It is worth noting that the FGT algorithm causes the PV system output voltage Vpv to fluctuate 

around the maximum power point late in the iteration until the end of the iteration. It can be 

seen from Table 4.1 that the 15-iteration setting has a longer fluctuation time than the 10-

iteration setting, which also results in more power loss. It is clear that the benefits of more 

iterations are diminishing. While more iterations may improve the accuracy of the tracked MPP, 

they also entail a loss due to longer power oscillations. Therefore, a compromise must be made 

between tracking speed and tracking accuracy by setting an appropriate number of iterations. 

For the two series-connected panels experimental system presented in this thesis, the proposed 

MPPT method has the best comprehensive performance when the number of iterations is set to 

10. In summary, a suitable number of iterations setting of the FGT algorithm can improve the 

transient response and reduce the steady-state power loss of the PV system.  

 

For critical analysis and proper validation of the proposed algorithm, more complex partial 

shading conditions will be considered. The MPPT algorithm will be further validated in pattern 

3 and 4, where the PV system consists of three solar panels connected in series. In pattern 3, 

two solar panels are under 400W/m2 irradiation while the third solar panel is under 600W/m2 

irradiation. The maximum power point of the PV system occurs at 109.4V and the maximum 

output power of the system is 209W. For pattern 4, three solar panels are irradiated by 600W/m2, 

400W/m2, 200W/m2, respectively. The P-V curve of a photovoltaic system has three peaks, 

with the global maximum power point at the second peak. The terminal voltage at this point is 

73.26V, and the output power of the PV system is 141.5W. The P-V schematic of pattern 3 and 

pattern 4 is shown in the Figure 4.14. 
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Figure 4.14 Schematic of patten 3 and pattern 4 irradiation conditions 

 

The simulation results of proposed FGT MPPT algorithm under complex partial shading 

conditions are shown in Figure 4.15. The number of iterations is set to ten. 

(b)
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P=140.7W

t=0.35s

V=74.5V

t=0.35s

 

Figure 4.15 Simulation results of FGT MPPT algorithm under complex partial shading 

conditions 
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Figure 4.15 shows the behavior of the PV system when the irradiation levels were changed 

from pattern 3 to pattern 4. In pattern 3, the FGT algorithm takes 0.35 seconds to track down 

the global maximum power point. The changes in solar irradiation occurred at 1second, after 

0.35 seconds, the PV system operates at the maximum power point in pattern 4. The MPPT 

algorithm remains highly tracking efficient under complex irradiation conditions, 99.8% and 

99.4%, respectively. The results of the simulation once again validate the global search 

capability of the FGT algorithm. 

 

To further explore the effect of the algorithm particle count setting on the performance of the 

algorithm, additional experimental results are presented for comparison. There will always be 

a conflict between tracking accuracy and tracking time. The algorithm with fewer particles can 

complete iterations faster, but the accuracy of tracking global maximum power point may not 

be guaranteed. The algorithm with more particles can ensure that the PV system works on the 

maximum power point, but the tracking process can be more time consuming. As a comparison, 

the simulation results of the 5-particle and 9-particle FGT algorithms for pattern 1 and pattern 

2 are shown in Figure 4.16 and Figure 4.17. 
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Figure 4.16 Simulation results of five-particle FGT MPPT algorithm 

 

Figure 4.16 shows the simulation results of FGT MPPT algorithm with five particles. After 

0.25 seconds, the PV system is operating at maximum power point, verifying that fewer 

particles can reduce tracking time. At 1 second, the irradiation conditions change from pattern 

1 to pattern 2. The optimization time for the pattern 2 is 0.25 seconds and the output power of 

the PV system Ppv is 74.5W, which means that a tracking failure occurred in the PV system.   
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Figure 4.17 Simulation results of nine-particle FGT MPPT algorithm 

 

As for the simulation results of nine-particle setting shown in Figure 4.17, the FGT algorithm 

accurately tracks the maximum power point under both pattern 1 and pattern 2. It is clear that 

the 9-particle FGT algorithm takes the longest time to track the MPP compared to the 5-particle 

and 7-particle FGT algorithms, taking 0.45 seconds. Besides, the PV system produces more 

power, 143W and 98.1W, respectively. Table 4.2 summarises the simulation results of the FGT 

algorithm for different settings of the number of search particles. Although increasing the 

number of particles ensures that the PV system tracks the maximum power point accurately, 

the power oscillations and energy losses associated with the tracking process must also be taken 

into account. 
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Table 4.2 Performance comparison of different particle setting 

Particles Irradiation 
Power 

(W) 

Tracking 

time (s) 

Efficiency 

(%) 

5 
Pattern 1 142 W 0.25 s 99.3% 

Pattern 2 74.5 W 0.25 s 76% 

7 
Pattern 1 142.6 W 0.42 s 99.7% 

Pattern 2 98 W 0.35 s 99.8% 

9 
Pattern 1 143 W 0.45 s 99.9% 

Pattern 2 98.1 W 0.45 s 99.9% 

 

The simulation results above show that the suggested fast global tracking method with good 

transient response and steady state performance is a promising way for tracking global 

maximum power point in partial shading PV system. 

 

4.4.2 Simulation results of FGT-Fuzzy P&O algorithm 

The simulation results of FGT assisted through fuzzy logic-based P&O under irradiation 

pattern 1 and pattern 2 is shown in Figure 4.18. According to the analysis in the previous section, 

the number of iterations is set to ten. 
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Figure 4.18 Simulation results for FGT-fuzzy logic-based P&O (a) output power and (b) 

output voltage under pattern 1 and pattern 2 

 

Both solar panels are initially under zero irradiation. Later, one of the solar panels is under 

irradiation 600W/m2 while the other panel is under 400W/m2. At 1s, the irradiation changes 

from 400W/m2 to 200W/m2 which results in a different GMPP. After ten iterations of the FGT 

algorithm, the fuzzy logic P&O algorithm intervened and accurately tracked the maximum 

power point. The results indicate that the proposed hybrid algorithm has faster dynamic 

response when the irradiation varies (0.32s). 

 

Irradiation pattern 5 was added to the simulation to demonstrate the superiority of the FGT-

fuzzy logic P&O algorithm. Irradiation conditions for pattern 5 are 600W/m2 and 500W/m2, 
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respectively, where the maximum power point voltage is 72.75V and the maximum output 

power is 176.9W. At 1s, the irradiation changes from pattern 5 to pattern 1 (600W/m2 and 

400W/m2) which results in a new GMPP. The simulation results for FGT algorithm under 

pattern 5 and pattern 1 is shown in Figure 4.19. 
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Figure 4.19 Simulation results for FGT-fuzzy logic-based P&O (a) output power and (b) 

output voltage under pattern 5 and pattern 1 

 

As can be seen from Figure 4.19, the FGT algorithm accurately tracks the maximum power 

point in both pattern 5 and pattern 1. At one second, due to a small change in irradiation, the 

FGT algorithm restarts the global search and tracks a new maximum power point after 0.36 
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seconds. However, while the FGT algorithm ensures the PV system to maintain maximum 

power output, it can cause large power losses during the global search process. Under 

irradiation pattern 5 and pattern 1, the two different maximum power point voltages are very 

close (72.75V for pattern 5 and 74V for pattern 1), even though the PV system has different 

maximum power points. The fuzzy-P&O algorithm can track new maximum power points on 

a small scale while avoiding re-searching. Therefore, the intervention of fuzzy logic-P&O can 

effectively reduce the output power loss of the PV system under small changes in irradiation. 

The simulation results for FGT-fuzzy P&O is shown in Figure 4.20. 
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Figure 4.20 Simulation results for FGT-fuzzy logic-based P&O (a) output power and (b) 

output voltage under pattern 5 and pattern 1 
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After ten iterations of the FGT algorithm, the fuzzy logic P&O algorithm intervened and 

accurately tracked the maximum power point under pattern 5. At 1 second, the irradiation 

changes from pattern 5 to pattern 1. As this was a small magnitude irradiation change, the FGT-

fuzzy P&O algorithm did not restart the global search and instead the Fuzzy-P&O continued 

to track the new maximum power point. After 0.02 seconds, the new maximum power point 

under pattern 1 was tracked. Compared to the FGT algorithm, the FGT-fuzzy P&O algorithm 

takes less time to track to the new maximum power point, significantly reducing the power loss 

during the tracking process. In summary, FGT-fuzzy P&O algorithm is superior to the single 

FGT algorithm for different irradiation conditions. 

 

The particle swarm optimization MPPT algorithm is used as a comparison [71], and the results 

are given in Figure 4.21. The PSO parameters set up are shown in Table 4.3. Simulation results 

reveal that the PSO algorithm takes longer to track the MPP and the continuous oscillations of 

the output power is greater than proposed MPPT algorithm.  

 

Table 4.3 Parameter of PSO algorithm 

 

Parameter Values 

Number of particles 4 

w 0.4 

C1  1.2 

C2 2 

Switching frequency 20kHz 
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(a)

(b)

P = 142.3 W

t = 0.62 s

P = 98 W

t = 1.32 s

 

Figure 4.21 Simulation results of output power for PSO algorithm (a) pattern 1 and (b) 

pattern 2 

 

The summarized simulation results of FGT, FGT-Fuzzy P&O and PSO techniques analysis are 

tabulated in Table 4.4. Tracking speed and efficiency are defined to evaluate the performance 

of MPPT techniques. Tracking speed is more important for MPPT techniques because the lesser 

the tracking time to track GMPP, the more energy can be extracted from the solar system. The 

comparison reveals that the FGT-Fuzzy P&O method is a promising way to track GMPP under 

partial shading conditions. 

 

Table 4.4 Performance comparison of different MPPT methods 

Method Irradiation 
Power 

(W) 

Tracking 

time (s) 

Efficiency 

(%) 

FGT 
Pattern 1 142.6 W 0.42 s 99.7% 

Pattern 2 98 W 0.35 s 99.8% 

FGT- Fuzzy 

P&O 

Pattern 1 142.9 W  0.32 s 99.7% 

Pattern 2 98.1 W 0.32 s 99.9% 

PSO 
Pattern 1 142.3 W 0.62 s 99.5% 

Pattern 2 98 W 1.32 s 99.8% 
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The results indicate that the FGT and hybrid FGT-Fuzzy logic P&O MPPT algorithm can 

accurately track to the global maximum power point of the PV system under complex 

irradiation conditions. Under pattern 1 and pattern 2, all three methods have similar MPPT 

efficiency (99.5%~99.8%). Another important reference for evaluating MPPT performance is 

the tracking time. Faster tracking times can effectively reduce the power generation loss of a 

PV system. As can be seen from Table 4.4, the proposed FGT-Fuzzy P&O has a faster dynamic 

response when the irradiation varies (0.32s). The oscillations during tracking in the early global 

search stage are greatly reduced using the proposed FGT method. When the operating voltage 

of the PV system is near the MPP voltage, the MPPT algorithm switches to a local search. This 

not only ensures tracking accuracy but also reduces the power oscillations in the steady state. 

The local search also avoids the problem of algorithm restarts due to small power variations, 

which greatly improves the power generation of the PV system. 

 

4.5 Summary 

This chapter shows the simulation results of two cascading strategies MPPT methods. The 

proposed global search adaptive P&O method is able to track down the global maximum power 

point of the PV system in the case of partial shading conditions. The P&O method with adaptive 

perturbation step-size in the local search stage overcomes the conflict between tracking speed 

and steady-state power oscillations of conventional P&O methods. In addition, the simulation 

results of the FGT-fuzzy logic P&O method are also presented. By comparing the simulation 

results for different particle numbers and iteration settings, the optimum number of particles 

and iterations for the proposed PV emulator is determined. It is worth mentioning that the fuzzy 

logic P&O in this hybrid method intervenes during the local search stage, optimizing the 

method for power loss due to small irradiation variations. 
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Chapter 5. Experimental verification of the proposed MPPT methods 

5.1 Introduction 

The experimental results of the proposed MPPT method are presented in this chapter. The 

MPPT methods were validated under two different irradiation conditions. The proposed PV 

emulator in this thesis will replace the actual solar panels. The MATLAB/simulink-based 

design of the MPPT methods are imported into the dSPACE system, which generates a control 

signal and then controls the power output of the PV emulator via a DC-DC converter. The block 

diagram of emulated PV system setup under partial shading condition is shown in Figure 5.1. 

The overall experiment system consists of two emulated solar panels connected in series, DC-

DC boost converter, electronic load and dSPACE real-time interface system (processor board 

RTI1007, DS2004 A/D board, CP4002 digital I/O board). The dSPACE system is connected to 

the computer's dSPACE Controldesk 5.5 via the LAN network port. 
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Figure 5.1 The block diagram of experiment PV system set up 

 

The current and voltage measurement circuit integrated in the boost DC-DC converter circuit 
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will input the measured analogue signals Ipv and Vpv to the DS2004 A/D Board and convert 

these signals into digital signals. The MPPT method is pre-compiled into a C language-based 

program in Simulink and imported into dSPACE controldesk. Based on the digital signals 

provided by the DS2004 A/D board, the MPPT controller generates the corresponding duty 

cycle D and converts it into a PWM signal via the PWM generator. These PWM control signals 

will be fed into the CP4002 digital I/O interface. The CP4002 Digital I/O reconverts the digital 

signal into an analogue signal for the control of the boost converter. It is worth noting that the 

control signal generated by dSPCE cannot be used directly for the MOSFET IRF4321 used in 

this experiment. therefore, the analogue signal from dSPACE will be fed into the driver IR4426 

before controlling the power switch IRF4321. 

 

5.2 dSPACE system 

dSPACE is widely used for planning, designing, execution of hardware and software. The 

dSPACE controller is extensively employed for regulating power electronics converters and 

electric vehicles [82]. In this thesis, dSPACE system was used to generate PWM signal in 

power electronics converters to regulate terminal voltage of the PV emulator. Pulse generation 

for DC-DC converters is done using dSPACE RTI blocksets and Simulink blocks. The brief 

block diagram of interface dSPACE system with a boost converter is shown in Figure 5.2.  

 

PV System

PV 

Emulator

PWM

Electrical Load

Voltage

Current

dSPACE controldesk

Interface I/O board

DC-DC 

Converter

 

Figure 5.2 Brief block diagram of dSPACE implement 
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5.2.1 Composition of dSPACE system 

The dSPACE controldesk 5.5 is a software tool which is interfaced with MATLAB and RTI 

library. The RTI library is a software package that is added to the MATLAB library to create a 

MATLAB simulink model and generate control signals for the dSPACE RTI1007 controller. In 

addition, the MATLAB Simulink program receive feedback from the sensor signals via 

dSPACE RTI1007 in a similar manner and both control signals or feedback signals can be 

controlled and monitored via controldesk 5.5. 

 

dSPACE RTI1007 controller is a bridge between hardware and software and is used to transfer 

and interface control signals and feedback signals. It is connected with desktop and 

experimental circuits which is controlled by controldesk 5.5. The components of dSPACE RTI 

system are shown in Figure 5.3 consist of DS2004 A/D, CP4002 Digital I/O boards and a 

license key. 

 

RTI 1007 controller Licence key

DS2004 A/D Board CP4002 Digital I/O
 

Figure 5.3 dSPACE accessories 
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5.3 Boost DC-DC converter components selection 

Unlike a simulation environment, when an actual experimental circuit is to be implemented, 

not only the parameters of the design have to be considered, but also the packaging of the 

components, their size, commercial value, etc. The output diode conducts when the power 

switch is switched off and provides a path for the inductor current. The best choice of boost 

converter for experimental circuits with low voltage outputs is usually a Schottky diode. The 

choice of diode needs to take into account the breakdown voltage, current rating, forward 

voltage drops, and the package to suit the circuit. It is important to note that the diode 

breakdown voltage must be greater than the maximum output voltage and the current rating 

should be at least twice the output current of the maximum power stage [77]. The role of the 

output capacitor in a boost converter is energy storage. In essence, the function of the output 

capacitor is to maintain a constant voltage in the circuit. In addition, output capacitors are 

applied to limit the output voltage ripple to a defined range. The equivalent series resistance 

(ESR), equivalent series inductance (ESL) and capacitor (C) form the capacitive impedance, 

while the series impedance of the capacitor and the output current determine the output voltage 

ripple. During the on-state stage, the output capacitor supplies all the output current of the load, 

assuming that all the ripple in the output voltage of the circuit is caused by the capacitor. For a 

boost converter operating in continuous mode, the following equation can be consulted to 

determine the choice of output capacitor [79]: 

 

𝐶𝑜𝑢𝑡 =
𝐼𝑜𝑢𝑡_𝑚𝑎𝑥 × 𝐷𝑚𝑎𝑥

𝑓𝑠 × ∆𝑉𝑜𝑢𝑡
                                                    (5.1) 

 

where Iout_max represents the maximum output current, Dmax is the maximum duty cycle for 

boost converter, fs is switching frequency and ΔVout is output voltage ripple. The function of 

the input inductor is to reduce the negative effects caused by current input ripple in the PV 

panel. When determining the type of this component, size, cost and capacitor losses are taken 

into account. The function of the boost converter inductor is to store energy, to maintain a 

constant current during operation and to limit the variation in current. Inductance value as often 

chosen according to the peak-to-peak ripple current that flows through it. In addition, the peak 
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current through which the inductor can pass and the maximum operating frequency must also 

be taken into account. It is important to ensure that the inductor will not overheat or saturate 

when operating within the rated current range [79]. The function of a power switch is to control 

the flow of energy from the input to the output. The switch must respond quickly, conducting 

the current in the inductor when switched on and blocking the full output voltage when 

switched off. In addition, excessive power loss during switching transitions must also be 

avoided. Both IGBT and MOSFET power devices can be used in boost converters, but given 

the performance and cost, MOSFETs are the best choice. N-channel MOSFETs are commonly 

used in boost converters because driving the gate is simpler than the gate drive required by p-

channel MOSFETs [79]. In summary, the components of the boost converter were selected as 

shown in Table 5.1. 

 

Table 5.1 List of boost converter components 

Component Brand Characteristic Reference number 

Diode (D) INFINEON 600 V, 12 A, 19 nC IDH12SG60CXKSA2 

Inductor (L) MURATA 100µH, ±10%, 0.033 ohm 1410460C 

Capacitor (Cin) RUBYCON 220 µF, 400 V, ± 20% 400VXG220MEFCSN 

Capacitor (Cout) RUBYCON 440 µF, 400 V, ± 20% 100VXG470MEFCSN 

Power switch (S) INFINEON 150 V, 85 A, 0.012 ohm IRFS4321TRLPBF 

 

5.4 Experimental system setup 

Figure 5.4 shows the test bench of the experiment. Each of the two SUNTECH STP175S-24/Ac 

solar panel is connected in parallel with TENMA72-2940 Power Supply set in constant current 

mode. The terminal voltage of the emulated PV panels is regulated by boost converter. 

 

The proposed MPPT algorithm was achieved using MATLAB/Simulink 2015a and 

programmed into the dSPACE system. DS2004 A/D board is used to measure the voltage and 

current from the boost converter measured circuit which are the feedback signals to the MPPT 

algorithm.  
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Figure 5.4 Experimental system set up 

 

5.5 Experiment results of proposed hybrid global search adaptive perturb and observe 

MPPT algorithm 

In the simulation and experiment system, the proposed emulated PV system was connected to 

a boost DC-DC converter. The terminal voltage of the emulated PV panels is regulated by boost 

converter with following specifications shown in Table 5.2. 

 

Table 5.2 Boost DC-DC converter parameters 

Parameter Value 

Inductor L 100 µH 

Input capacitor C1 220 µF 

Output capacitor C2 440 µF 

Switching frequency 20kHz 

 

The control signal duty cycle D generated by the algorithm is output via the CP4002 digital I/O 

board. It is worth to mention that the measured currents and voltages are scaled due to the input 

voltage limit of the dSPACE analogue to digital A/D board channels is between -10V and +10V. 
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Hence, the measured voltage Vpv and current Ipv are scaled down by the circuit and multiplied 

by 28 and 2.6 respectively to obtain the actual values. The experiment results of emulated PV 

system under different irradiation with conventional and proposed MPPT algorithm are shown 

in Figure 5.5. For case 1, the PV system initially operating under 200W/m2 and 400W/m2 

irradiation condition. After a period of time, the irradiation condition changes to 400W/m2 and 

600W/m2 irradiation. For case 2, the PV system works under 400W/m2 and 600W/m2 

irradiation and then suddenly changes to 200W/m2 and 400W/m2 irradiation. As can be seen 

from the external current source display, the output voltages of the PV emulator in cases 1 

(73.95V) and case 2 (35.9V) are very close to the output voltages in the simulation results 

73.8V and 34.85V. 

 
(a) transient response of PV systems under case 1 irradiation 

 

(b) transient response of PV systems under case 2 irradiation 
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(c) steady-state with conventional P&O algorithm 

 

(d) steady-state with adaptive P&O 

Figure 5.5 Conventional and proposed MPPT PV voltage and current measured results for 

partial shading under case 1 and case 2 irradiation 

 

The measured values in Figure 5.5 represent transient and steady-state responses in terms of 

constant current under case 1 and case 2. The maximum power point of the emulated PV system 

under testing irradiation was around 73.8V and 34.85V which can be seen in Figure 5.5(a) and 

(b). Figure 5.5(c) and (d) show that the adaptive P&O algorithm has less power oscillation 

around the voltage of MPP as it is expected. Since the partial shading is simulated by manually 

adjusting the external current source, sudden small irradiation changes are hard to be simulated. 
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In addition, the scale down factor of boost converter measurement circuit is too large and is 

affected by harmonics. As a result, it is difficult to see the difference in transient response of 

small magnitude irradiation changes between the conventional and proposed MPPT algorithm. 

This would be optimized in future experiment. Experimental results are in accordance with the 

simulation results and show that the proposed emulated PV system was effectively for the 

investigation of partial shading condition. Besides, the proposed MPPT algorithm has better 

tracking performance and smaller power oscillations around MPP than conventional P&O 

MPPT algorithm. 

 

5.6 Experiment results of proposed hybrid FGT MPPT algorithm assisted through fuzzy 

logic based variable step-size perturb and observe method 

The test bench of the experiment can be seen in Figure 5.1. An emulated PV system is 

employed to emulate the behavior of the PV cells. The output voltage of the emulated PV 

panels is controlled by a boost converter which is shown in Table 5.3. 

 

Table 5.3 Boost DC-DC converter parameters 

Parameter Value 

Inductor L  2 mH 

Input capacitor C1  220 µF 

Output capacitor C2  440 µF 

Switching frequency 20k Hz 

 

Due to the input voltage signals of dSPACE analogue to digital (A/D) board is in the range of 

-10V to +10V, the measured voltage Vpv and current Ipv from the measured circuit (Tektronix 

A622) are scaled down by 20 and 10, respectively. The PWM signal for controlling boost 

converter was generated from Modular Hardware (DS4002). 

 

Figure 5.6 shows the measured and datasheet given P-V characteristics of the emulated PV 
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system under different irradiation. The different partial shading solar irradiance level was 

emulated by setting both injection external current source current as 1A/3A and 2A/3A, 

respectively (corresponding to the actual P-V curves under 200W/m2, 600W/m2 and 400W/m2, 

600W/m2 solar irradiance). It is important to mention that different currents were injected into 

the Unilluminated emulation PV system to produce a suitable P-V characteristic curve. When 

partial shadowing occurs, the photocurrent of shaded PV cells decreases, while the 

photocurrent of unshaded PV cells remains larger. In this situation, the shaded cells will work 

in reverse bias and consume power due to reverse voltage polarity, resulting in a hot spot and 

the possibility of cell failure. An anti-parallel bypass diode is commonly attached to the PV 

panel to restrict the reverse voltage and prevent power loss in the shaded panel [70]. 

 

 

(a) 

 

(b) 

Figure 5.6 Measured and datasheet given P-V characteristics of the emulated PV arrays under 

pattern 1 and pattern 2 
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The experimental results of the proposed FGT method with different number of iterations are 

shown in Figure 5.7. The experimental conditions were set to mutate the irradiation from 

pattern 2 to pattern 1. 

PV emulator output voltage

PV emulator output current

3A=600W/m
2
 & 1A=200W/m

2

3A=600W/m
2
 & 2A=400W/m

2

 

(a) 5 iterations 

PV emulator output voltage

PV emulator output current

Tracking failure

 

(b) 5 iterations (tracking failure) 

 



101 

 

PV emulator output current

PV emulator output voltage

3A=600W/m
2
 & 1A=200W/m

2

3A=600W/m
2
 & 2A=400W/m

2

 

(c) 10 iterations 

PV emulator output current

PV emulator output voltage

3A=600W/m
2
 & 1A=200W/m

2

3A=600W/m
2
 & 2A=400W/m

2

 

(d) 15 iterations 

Figure 5.7 Experimental results of the proposed FGT method with different iteration settings 

for varying irradiation from pattern 2 to pattern 1 

 

The experimental results are accordance with simulation results. Comparing (a)(c)(d) of Figure 

5.7, it can be seen that the different settings of the number of iterations have a significant impact 

on the performance of the FGT method. A higher number of iterations may improve the 

accuracy of MPP tracking, but it will increase the tracking time. In addition, comparing Figure 

5.7 (a)(b) shows that the FGT method has the potential for tracking failure when the number 
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of iterations is set to 5, with constant restarting of the global search leading to power loss. This 

is mainly because the FGT method is unable to determine the position of the current optimal 

particle due to the low number of iterations. Therefore, setting a small number of iterations 

should be avoided when considering the performance of the FGT method. 

 

The experimental results of the FGT method with different particle number settings are given 

in Figure 5.8. All experimental results are based on 10 iterations setting. The experimental 

conditions were set to mutate the irradiation from pattern 2 to pattern 1 for Figure 5.8 (a)(c). 

The experimental condition in Figure 5.8 (b) is the change of irradiation from pattern 1 to 

pattern 2. 

 

PV emulator output voltage
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(a) 5 particles 
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(b) 5 particles (tracking failure) 
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(c) 9 particles 

Figure 5.8 Experimental results of the FGT method with different particle number settings 

 

The experimental results are accordance with simulation results. Comparing Figure 5.8 (a)(c) 

and Figure 5.7 (c), it can be seen that the increase in the number of particles may facilitates the 

search accuracy of the FGT method, but increases the tracking time. Furthermore, it is clear 

from Figure 5.8(b) that the tracking failure of the 5-particle FGT method occurs when the 

irradiation conditions change from pattern 1 to pattern 2. The output voltage and current of the 

PV emulator shows only small variations, which indicates that the PV system is not operating 
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at the maximum power point. This is mainly because a smaller number of particles may lead 

to MPP misclassification by the FGT method. Therefore, the effect of the number of particles 

on the performance of the FGT should be taken into account when setting the parameters. 

 

The proposed FGT-Fuzzy P&O MPPT method experimental test result for pattern 1 and pattern 

2 is given in Figure 5.9 and 5.10. The measure values in Figure 5.9 and Figure 5.10 represent 

both transient and steady-state responses in terms of PV emulator output voltage and current. 

Note that the the experimental results are based on 10 iterations and a 7-particle setup. 

 

PV emulator output voltage

PV emulator output current

3A & 1A 3A & 2A

 

Figure 5.9 Experiment results of FGT-Fuzzy P&O method for varying irradiation from 

pattern 2 to pattern 1 

 

As can be seen in Figure 5.9, PV system initially operating in pattern 2 irradiation condition 

(600W/m2 and 200W/m2 irradiation). Later, the irradiation condition changes from pattern 2 to 

pattern 1 (600W/m2 and 400W/m2 irradiation) and the new MPP is tracked by the proposed 

MPPT algorithm. 
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PV emulator output voltage

PV emulator output current

3A & 2A

3A & 1A

 

Figure 5.10 Experiment results of FGT-Fuzzy P&O method for varying irradiation from 

pattern 1 to pattern 2 

 

The experimental test results for varying irradiation from pattern 1 to pattern 2 is shown in 

Figure 5.10. Initially, the emulated PV system operates at the MPP of pattern 1 (75.22V). As 

the irradiation drops to 600W/m2 and 200W/m2 (corresponding to emulated PV system with 

constant injection currents of 3A and 1A), a new MPP (35.9V) is tracked by the proposed 

algorithm. The results again show that the proposed indoor unilluminated PV emulator is very 

reliable and can be applied to power electronics experiments.  

 

5.7 Summary 

The validity of the two proposed MPPT methods has again been verified in this chapter. The 

experimental results again show that the proposed indoor unilluminated PV emulator is very 

reliable and can be applied to power electronics experiments and the results of the proposed 

MPPT methods are in accordance with the simulation outcomes. Both experimental results 

reveal that the proposed MPPT strategies can track to the global maximum power point under 

partial shading conditions. In addition, the optimized MPPT methods not only improve tracking 

speed, but also reduces steady-state oscillations around the maximum power point. 
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Chapter 6. Conclusions 

This thesis has presented an innovative PV emulator and a state of-the-art learning-based real-

time hybrid global search adaptive perturb and observe (P&O) maximum power point tracking 

(MPPT) technique and a hybrid fast global tracking MPPT algorithm assisted through a fuzzy 

logic based variable step-size P&O.  

The main goal of the constructed emulator is to overcome obstacles such as the necessity for a 

large area, significant installation costs, and lack of control over environmental conditions by 

merging unilluminated solar panels with an external current supply. The proposed PV emulator 

consists only of photovoltaic panels and some basic laboratory equipment which is easy to set 

up in the laboratory. The experimental results show that the proposed PV emulator performs 

admirably in indoor unilluminated environments and successfully mimics the electrical 

characteristics curve of real solar panels under both uniform irradiation and partial shading 

conditions. It is worth noting that for the PV emulator, an external current source replaces the 

actual current generated to simulate power generation, which causes the PV emulator to 

experience voltage shifts. When the operating voltage of the PV system exceeds its MPP 

voltage, the output voltage of the PV emulator starts to shift. Under standard testing conditions 

(1000W/m2 and 25oC), the voltage shift is the greatest when the PV system is operating at the 

open circuit voltage Voc, which is approximately 4.8%. Therefore, the MPPT method should 

be tested with the PV emulator under low irradiation conditions. In addition, in the parallel-

connected PV emulator, blocking diodes are usually connected in series with each solar panel 

in order to prevent reverse currents from flowing into the solar panels. In experiments it has 

been found that the application of different blocking diodes leads to a bias in the PV system 

branch currents. Therefore, to ensure proper operation of the PV system, blocking diodes of 

the same size should be used. Moreover, the PV emulator is applied to power electronics 

experiments on photovoltaic systems. This thesis verifies two different MPPT algorithms with 

the emulated system and demonstrates the feasibility of the PV emulator. Test results show the 

proposed emulator has excellent dynamic characteristics and is an ideal tool for testing various 

MPPT algorithms. It is a low-cost solution for researchers and university students.  
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This thesis presents two hybrid MPPT algorithm. The proposed MPPT algorithms overcome 

the shortcomings of conventional MPPT methods, such as poor transient response, high 

continuous steady-state oscillation, and inefficient tracking performance of maximum power 

point voltage in the presence of partial shading. The proposed global search adaptive P&O 

method is a cascading strategy that searches globally in the early stages of tracking on the 

operating voltage range where the maximum power point is likely to occur in the PV system. 

After the global search, the algorithm moves to the P&O method for local optimization. 

Simulation results show that the proposed global search adaptive P&O MPPT method provides 

a fast response for tracking the maximum power point under PSCs with more than 99% energy 

extracting efficiency with reduced steady-state oscillation. Compared to the conventional P&O 

method, adaptive P&O based on power-voltage characteristics can effectively reduce the power 

loss during local search. Compared to traditional P&O methods, adaptive P&O based on 

power-voltage characteristics can effectively reduce power losses during local search, and 

MPPT efficiency is increased to 99.3%. The proposed Fast Global Tracking (FGT)-Fuzzy logic 

P&O method is another MPPT method with superior performance. This cascading method 

continuously speeds up the search in the early global search stage, thus increasing the efficiency 

of the tracking. When the algorithm moves to the local search stage, the intervention of the 

fuzzy logic controller provides a variable perturbation step for the P&O method, thus resolving 

the conflict between tracking speed and power loss of the traditional P&O method. Compared 

to the PSO method, the proposed method improves the average tracking speed by 70% while 

maintaining a high MPPT efficiency (99.7%~99.9%). 

Verification and validation of the proposed control scheme have been carried out with the 

implementation of MATLAB/Simulink/Stateflow on the dSPACE real-time interface (RTI) 

1007 processor board and DS2004 A/D and CP4002 Digital I/O boards. The experimental 

results show that the proposed PV simulator is a reliable device for indoor PV experiments and 

can be used to test the MPPT algorithm. In addition, the experimental results indicate the 

feasibility and superiority of the two proposed MPPT methods, which can be applied to PV 

systems. 
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Chapter 7. Future work 

Overall, the proposed PV emulator achieves promising results under indoor unilluminated 

conditions and can effectively simulate the electrical characteristics curve of actual solar panels 

under uniform outdoor irradiation and partial shading conditions. However, the proposed PV 

emulator relies on the application of actual solar panels and external current sources. Therefore, 

the electrical characteristic curves of the PV emulator may not be simulated under more 

complex irradiation conditions, such as a P-V curve with two local maximum power points and 

one global maximum power point. One way to address this shortcoming is to add solar panels 

and external current sources to simulate more complex PV arrays. This would increase the 

complexity and installation cost of the PV emulator. Furthermore, in order to simplify the 

proposed PV emulator, only the effects of irradiation are considered when conducting the tests, 

ignoring the effects of temperature on the electrical characteristics of the PV array. In practice, 

the injection of solar panel current leads to an increase in solar panel surface temperature, which 

results in a shift in the P-V characteristic curve. In addition, since the partial shading is 

simulated by manually adjusting the external current source, sudden changes in solar irradiance 

are hard to be simulated. As a result, it is difficult to see the transient differences in subsequent 

tests of the MPPT algorithm. In order to be applied to more complex PV systems, more research 

on PV simulators will be conducted to improve performance and to be able to simulate accurate 

electrical characteristics under more complex environmental conditions. Besides, the proposed 

FGT algorithm is proved to be a promising MPPT algorithm that can track the global maximum 

power point of a PV system under partial shading conditions. It is worth mentioning that the 

number of search particles and the number of iterations set can significantly affect the 

performance of the MPPT algorithm. Fewer search particles and iterations can evidently reduce 

the search time, but may lead to algorithmic search failures. Conversely, more search particles 

and iterations will ensure that the system works at the maximum power point, but may result 

in more power loss. In future work, a generic FGT algorithm with dynamic and adaptive 

particle number and iteration number settings will be developed based on the proposed 

algorithm to achieve better performance in different PV systems. The dSPACE system used in 

this thesis is a control system for developing and testing electronics. It provides a real-time 
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environment for testing and verifying control algorithms and software. The application of the 

dSPACE system therefore brings great convenience to the testing of MPPT algorithms. 

However, in practical industrial applications, in view of the cost and size of the dSPACE 

systems, microcontrollers are often used to substitute dSPACE systems. The MC56F8245 is a 

controller chip often used in solar inverters and can be used as a replacement for the dSPACE 

system. The proposed MPPT methods are implemented into a single chip microprocessor 

MC56F8245 for the control of the PV systems. The experimental topology is shown in Figure 

7.1. In future work, microcontroller-based experimental systems will be investigated. 
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Figure 7.1 Microcontroller-based experimental system topology 
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APPENDIX A. DATASHHET FOR POWER MOSFET IRFS4321 
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APPENDIX B. DATASHHET FOR DIODE IDH12S60C 
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APPENDIX C. DATASHHET FOR DIODE IDH08S120 
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APPENDIX D. DATASHHET FOR DIODE IDH12SG60CXKSA2 
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APPENDIX E. DATASHHET FOR DRIVER IR4426 
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APPENDIX F. DATASHHET SOLAR PANEL SUNTECH STP175S-24/Ac 
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APPENDIX G. TEST DATA FOR CONSTRUCTED PV EMULATOR 
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APPENDIX H. SIMULINK BLOCK DIAGRAM OF ADAPTIVE P&O 

 

Conventional P&O method 

 

 

Adaptive perturbation step-size 

 

 

 

 

 

 

 



131 

 

APPENDIX I. SIMULINK BLOCK DIAGRAM OF FL CONTROLLER 

 

Fuzzy logic controller for variable perturbation step-size 
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APPENDIX J. PROPOSED GLOBAL SEARCH METHOD  

 

function [duty,Vref,flag] = GS(vpv,ipv) 

Voc=88.4; 

Vref=0.9*Voc; 

duty_init=0.7; 

duty_max=0.95; 

duty_min=0.1; 

deltaD=0.0003; 

persistent Pmax Vmax duty_old Pold GS;  

 

if isempty(Pmax)  %Initialisation 

    Pmax=0; 

    Vmax=0; 

    duty_old=duty_init; 

    GS=0; 

    Pold=0; 

end 

if GS==1 

    Vref=Vmax; 

end 

if vpv<Vref  %Perturb PV system operating voltage 

    duty=duty_old-deltaD; 

else 

    duty=duty_old+deltaD; 

end 

if duty>duty_max 

    duty=duty_max; 

end 

if duty<duty_min 

    duty=duty_min; 

end 

ppv=vpv*ipv; 

deltaP=abs(ppv-Pold); 

if Pmax<ppv 

    Pmax=ppv; 

    Vmax=vpv; 

end 

if GS==0 & vpv>Vref 

    GS=1; 

end 

duty_old=duty; 

Pold=ppv; 
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if GS==1 & deltaP>0.15*Pold  %Check if research conditions are met 

    Vmax=0; 

    scan=0; 

    Pmax=0; 

    duty_old=duty_init; 

end 

flag=GS; 

end 
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APPENDIX K. PROPOSED FAST GLOBAL TRACKING METHOD  

function [duty,iterations] = FGTMPPT(vpv,ipv) 

persistent ppv p dc pbest delay iteration termination num Pold; 

if isempty(num) 

    num=7; 

end 

if isempty(ppv)  %Initialisation 

    p=zeros(1,num); 

    pbest=0; 

    delay=0; 

    p=1; 

    iteration=0; 

    termination= ; 

    Pold=0; 

end 

  

if isempty(dc) 

    dc=linspace(0,0.8,num); 

end 

  

iterations=iteration; 

if iterations<termination 

if(delay>=1 && delay<100)  %Delay 

    duty=dc(p); 

    delay=delay+1; 

    return; 

end 

  

if(p>=1 && p<=num) 

    ppv(p)=vpv*ipv; 

end 

  

p=p+1; 

if(p<num+1) 

    duty=dc(p); 

    delay=1; 

    return; 

end 

p=1; 

delay=1; 

iteration=iteration+1; 

[m,i]=max(ppv); 
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Pold=m   

pbest=dc(i); 

dcupdate=UpdateDuty(dbest,dc,iteration,iter_max,num); 

dc=dcupdate; 

duty=dc(p); 

return; 

else 

    P=vpv*ipv; 

    deltaP=abs(P-Pold); 

    if deltaP>0.1*Pold  %Check if research conditions are met 

        ppv=zeros(1,num); 

        pbest=0; 

        delay=0; 

        p=0; 

        iteration=0; 

        dc=linspace(0,0.8,num); 

    end 

    duty=p_best; 

end 

end 

  

function D1=UpdateDuty(pbest,d,iteration,termination,num)  %Particles position update  

D1=zeros(1,num); 

a=sqrt(iteration/termination); 

for kk=1:num 

    pup=d(kk)+(pbest-d(kk))*a*rand(); 

if pup>1 

    pup=1; 

end 

if pup<0 

    pup=0; 

end 

D1(kk)=pup; 

end 

end 

 

 

 




