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Abstract 

 With growing carbon emissions, energy demand and share of nonlinear loads, 

photovoltaic (PV) integrated active power filter (APF) systems are being widely adopted in the 

power sector as they provide dual benefits of supplying PV generation and enhancing the grid 

power quality (PQ). Maximum power point tracking (MPPT) and direct current (DC) link 

voltage regulation control techniques are needed in these systems to maintain maximum PV 

and APF efficiencies under changing environmental and loading conditions. Performances of 

conventional perturb and observe (P&O) and proportional-integral (PI) techniques degrade 

significantly in case of large and rapid fluctuations in the operating conditions making them 

less suitable for highly dynamic systems. In this MSc thesis, PV integrated grid-tied shunt APF 

with fuzzy logic controllers (FLCs) for MPPT and DC link voltage regulation are designed and 

developed to improve the efficiency of the PV system and reduce total harmonic distortions 

(THDs) of the grid currents under large and rapidly varying environmental and loading 

scenarios. Type-1 Mamdani fuzzy inference systems with simple 5x5 and 7x7 rule bases and 

set of trapezoidal and triangular membership functions are used for the FLCs’ design. 

Simulation studies and experimental test were conducted in MATLAB/Simulink and laboratory 

setup to evaluate and validate the performance of the proposed system and compare it against 

the system with the P&O and PI controllers. The simulation results show that the proposed 

FLCs provide more accurate and faster responses compared to the conventional controllers 

under step changes in the solar irradiance and loading resulting in higher PV efficiency and 

harmonic compensation capability. The experimental test confirmed that the PV integrated APF 

was able to supply PV active power to the load and achieve grid current THD from 26.99 % to 

4.19 % which is within the 5 % limit specified by the Institute of Electrical and Electronics 

Engineers (IEEE) 519 standard. 
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Chapter 1 - Introduction  

1.1. Problem Background 

The current energy sector is heavily reliant on fossil fuels. Global carbon emissions 

from coal-fired power plants are continuing to reach new heights raising concerns over their 

impact on human health and environment [1]. In order to reduce the emissions, there has been 

a need for new and environmentally friendly power supply systems comprising diverse 

renewable energy sources. Furthermore, with the global economic and social development, the 

energy shortage is becoming a driving force for the accelerated exploration and application of 

the renewable energy systems [1]. The Earth has extensive renewable potential from solar 

energy. Thus, solar PV systems are an attractive choice in bridging the demand-supply gap. 

However, output of a PV system is intermittent and influenced by incident irradiance. Ratio of 

the output power generation to the incident irradiance identifies the PV system efficiency. 

Different MPPT techniques are adopted in PV systems for finding optimum operation points 

to achieve maximum efficiency at the given environmental and loading conditions (Fig. 1.1). 

Tracking accuracy, speed and cost are important metrics in the evaluation of the MPPT 

techniques. To this regard, implementation of an accurate, fast, and cost-effective MPPT 

technique has been a research hot-spot for many years and still remains an active research topic 

[2-6].  

 The increasing penetration of nonlinear loads has emerged as another challenge for the 

power sector. Modern devices including computers, smartphones, TVs, LED systems and 

batteries are designed to operate on DC and thus require prior rectification of the grid’s 

alternating current (AC) supply. This process results in nonlinear relationship between the grid 

voltages and currents and introduces PQ issues to the grid in the form of harmonic distortions. 

IEEE 519 standard defines 5 % as an upper limit for the grid current THD [7]. Any further  
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increase in THD can cause malfunctions in the operation of electrical equipment leading to 

reduced power efficiency, increased maintenance costs and in severe cases, complete system 

blackout [8]. Recent advancements in power electronics have stimulated interest in APFs due 

to their potential to tackle the PQ issues [9]. In a grid-tied scheme, DC output of the PV system 

can be supplied to AC power grid through inverters (Fig. 1.2). The fundamental idea behind 

APF is to control the inverters to generate compensation for the undesired grid harmonics. Over 

the years, different control techniques have been investigated for APFs [10-11]. Among others, 

control design for DC link voltage regulation has gained wide interest in the research 

community. Abrupt changes in the power system due to load and PV output variations cause 

large fluctuations in the DC link that adversely affect the harmonic compensation capability of 

the APFs and undermine stability of the system. The control technique should be designed with 

fast and accurate transient response to be able to react to abrupt changes in the operating 

conditions and recover the voltage level within the specified limits [10].   

 

Figure 1.1:  PV system with MPPT control. 
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Figure 1.2: PV integrated grid-tied APF system. 

1.2. Literature Review 

1.2.1. Maximum Power Point Tracking in Photovoltaic Systems  

The control techniques based on the P&O algorithm are conventionally adopted for 

MPPT owing to their simple design and implementation efficiency. As can be seen from Fig. 

1.3, its working principle involves iteratively and incrementally adjusting the PV voltage and 

observing the corresponding variations until the maximum power point (MPP) is reached.  

However, as pointed out by Bollipo et al. [2], it is prone to oscillations around the MPP, which 

result in increase in power losses and decrease in accuracy. To tackle the latter, various 

techniques have been developed that work by adjusting the PV operating point to maintain a 

constant incremental conductance (INC) [12-14]. The results show their ability to suppress the 

oscillations at the MPP and improve the tracking efficiency. However, performances of both 

techniques degrade significantly in case of rapid fluctuations in the operating conditions 

making them less suitable for highly dynamic environments [4-5].  
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Figure 1.3: Flowchart for the P&O algorithm. 

Techniques based on intelligent optimization algorithms such as particle swarm [15], 

grasshopper [16], and fire fly [17] have demonstrated high performance under dynamic weather 

and loading conditions. However, they are relatively complex, highly reliant on parameter 

selection and are subject to convergence issues [6]. Model predictive control (MPC) is a set of 

sophisticated techniques that can adapt to rapidly changing conditions by predicting future 

system behavior based on mathematical modeling [18-19]. Study by Ahmed et al. [20] reveals 

the dependency of their accuracies on the level of details used to describe the system with 

higher accuracy requiring more detailed models. As a result, MPC requires significantly more 

intensive computations compared to other techniques for the same level of accuracy.   
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1.2.2. Direct Current Link Voltage Regulation in Active Power Filters 

  PI is a traditional control technique that has found wide usage in many applications, 

including APFs. In the context of DC link regulation, it comprises a feedback loop with 

proportional and integral blocks that generates a control signal based on the discrepancy 

between the measured and reference voltages. The control signal is then fed to the APF 

modulation stage to supply the compensating energy to the DC link. PI-based closed loop 

voltage control in APF has been studied in [21-27]. However, in all cases the tuning was done 

off-line according to the pre-defined model of the systems and thus did not consider dynamic 

changes in the system. References [28-29] applied PSO and GWO algorithms to fine tune the 

PI parameters to further improve its performance. A study by Bosch et al. [30] incorporated 

current MPC in order to automatically calibrate the PI parameters in response to the changes in 

the system dynamics making the voltage control more robust to variations in the system, but at 

the expense of increased computational burden.  

1.2.3. Control Techniques Based on Artificial Intelligence 

 With recent advancements in artificial intelligence (AI), application of neural networks 

and fuzzy logics in MPPT and DC link regulation have gained popularity among the research 

community [31-36]. Table 1.1 provides a summary of the recent works on AI-based MPPT and 

DC link voltage regulation control for PV integrated APFs. The works based on neural 

networks show great potential in providing precise dynamic control by learning from historical 

data. However, the development and integration of neural networks can be challenging due to 

the need of extensive training data, which is especially important in complex systems with wide 

range of variability. Due to their ability for intuitive decision-making in uncertain or imprecise 

environments, FLC-based techniques offer comparable degree of accuracy, speed and 

adaptability without the need for detailed system model and extensive training data. Although  
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FLCs have been independently implemented for MPPT and DC link voltage regulation, to the 

best of the author’s knowledge no previous work is present in the literature that has 

simultaneously integrated FLCs for both MPPT and DC link voltage regulation in a PV-

integrated APF system. Therefore, there is a need for analysis of the performance of such a 

scheme to fill the research gap. In addition, the claims on the performances of the FLCs in the 

existing works are often based on simulation results. Thus, further validations in practical 

experiments are needed to better access their operation.  

1.3. Thesis Aims and Objectives  

  In this MSc thesis, a PV integrated grid-tied APF system is designed and developed to 

provide dual benefits of supplying PV power to nonlinear loads and generating compensation 

for the grid current harmonic distortions. Two simple FLCs for MPPT and DC link voltage 

regulation are proposed to maximize the PV system efficiency and reduce the fluctuations in 

the DC link under dynamic conditions. The work provides detailed description of the design 

considerations for the power circuit components and control logics. Simulation studies are done 

in MATLAB/Simulink for comparative performance analysis of the proposed FLCs against the 

Table 1.1: Recent works on AI-based MPPT and DC link voltage regulation   

Ref. MPPT control DC link voltage regulation Experimental 
validation 

[31] P&O Artificial Neural Network ✖ 

[32] INC Delta-Bar-Delta Neural 
Network ✔ 

[33] Hill Climbing 
Optimization 

Neural Network + 
Normalized Kernel Least 

Mean Fourth 
✔ 

[34] FLC Adaptive Linear Neuron + 
Unit Vector Template ✖ 

[35] FLC Robust Extended Complex 
Kalman Filter ✖ 

[36] P&O FLC ✖ 
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conventional P&O and PI controllers in terms of response accuracy and speed and the resultant 

PV and APF efficiencies in the scenarios with step changes in solar irradiance and loading. 

Experimental tests are carried out in a laboratory setup to validate the operation of the 

developed PV integrated grid-tied APF system and confirm its compliance with the IEEE 519 

standard.  

1.4. Thesis Structure   

The structure of the MSc thesis is as follows. Chapter 2 gives description of the 

proposed PV integrated APF system including the design considerations for the power circuit 

components and control methods. The simulation model and results are presented and discussed 

in Chapter 3, while experimental setup and validation is included in Chapter 4. Finally, Chapter 

5 provides concluding remarks and future directions for research.  
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Chapter 2 - Methodology 

2.1. Overall System 

  Fig. 2.1. depicts the schematic diagram of the proposed system. It comprises  

• an ideal three-phase source representing the grid,  

• a three-phase uncontrolled diode bridge rectifier connected to RL load representing the 

nonlinear loads,   

• a PV module with boost converter representing the PV system, 

• a three-phase voltage source inverter representing shunt APF 

• and the proposed controller block for PV MPPT and APF DC link regulation and source 

current harmonic mitigation.  

 

Figure 2.1: Schematic diagram of the proposed system 

2.2. Nonlinear Load 

  The schematic circuit diagram of the three-phase uncontrolled diode bridge rectifier 

connected to a resistor-inductor (RL) load is illustrated in Fig. 2.2. It consists of six diodes. 
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The conduction order of the diode pairs are as follows: D1-D6, D6-D3, D3-D2, D2-D5, D5-

D4, and D4-D1. Hence, the normalized conduction interval of each diode is 2𝜋𝜋
3

 radians.  

 

Figure 2.2: Schematic circuit diagram of the three-phase uncontrolled diode bridge 

rectifier. 

  Fig. 2.3 shows the operational waveforms of the rectifier under the assumptions of ideal 

diode characteristics, balanced and undistorted AC voltages, 𝑣𝑣𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎, and ripple free DC current,  

𝑖𝑖𝑙𝑙,𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑙𝑙,𝑑𝑑𝑑𝑑.  

 

Figure 2.3: Simplified operational waveforms of the three-phase uncontrolled diode bridge 

rectifier. 
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  Under these assumptions, 𝐼𝐼𝑙𝑙,𝑑𝑑𝑑𝑑 can be expressed by eq. (2.1) where 𝑉𝑉𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎 is root mean 

square (RMS) of the 𝑣𝑣𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑅𝑅𝑙𝑙 is resistance of the load. 

𝐼𝐼𝑙𝑙,𝑑𝑑𝑑𝑑 =
3√2𝑉𝑉𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎
𝜋𝜋𝑅𝑅𝑙𝑙

 (2.1) 

  The average active power demand, 𝑃𝑃𝑙𝑙, is then calculated according to the eq. (2.2). 

𝑃𝑃𝑙𝑙 = 𝐼𝐼𝑙𝑙,𝑑𝑑𝑑𝑑2 𝑅𝑅𝑙𝑙 (2.2) 

  Eq. (2.3) and eq. (2.4) give the RMS values of the AC currents, 𝐼𝐼𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎 , and their 

harmonics, 𝐼𝐼𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎,ℎ, respectively, where ℎ is the order of the harmonic component.   

𝐼𝐼𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎 =
√2𝐼𝐼𝑙𝑙,𝑑𝑑𝑑𝑑
√3

 (2.3) 

𝐼𝐼𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎,ℎ =
2√3𝐼𝐼𝑙𝑙,𝑑𝑑𝑑𝑑
𝜋𝜋ℎ

 ℎ = 1,5,7,11,13 … (2.4) 

  In this context, the first order harmonic ( ℎ = 1 ), referred to as fundamental, 

corresponds to the desired undistorted sinusoidal current, while the rest (ℎ > 1 ) are the 

undesired harmonics that need to be compensated. The THD of the AC currents can be 

computed as the ratio of the RMS values of the undesired harmonics to that of the fundamental 

one (eq. (2.5)). 

𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑙𝑙 =
�𝐼𝐼𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎2 − 𝐼𝐼𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎,1

2

𝐼𝐼𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎,1
2  (2.5) 

2.3. Photovoltaic system 

2.3.1. Photovoltaic module 

  The PV module comprises parallel and series connections of electronic devices, often 

referred to as PV cells, that convert energy from the light directly into electrical energy by 

means of the photovoltaic effect. A PV cell can be described using the standard single diode 
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model shown in Fig. 2.4 where 𝑖𝑖𝑝𝑝ℎ is photocurrent that is a function of incident irradiance, 𝐺𝐺, 

and effective temperature, 𝑇𝑇, and 𝑅𝑅𝑠𝑠ℎ and 𝑅𝑅𝑠𝑠 are shunt and series resistances.  

 

Figure 2.4: Standard single diode model of a PV cell 

  Using this model and assuming the cells are identical, the I-V equation is expressed 

mathematically in eq. (2.6) where 𝑖𝑖𝑑𝑑,0  and 𝑛𝑛  are the diode reverse saturation current and 

ideality factor, and 𝑞𝑞  and 𝑘𝑘  are the elementary charge and the Boltzmann’s constant, 

respectively. 

𝑖𝑖𝑝𝑝𝑝𝑝 = 𝑖𝑖𝑝𝑝ℎ − 𝑖𝑖𝑑𝑑,0 �𝑒𝑒
𝑞𝑞�𝑣𝑣𝑝𝑝𝑝𝑝+𝑅𝑅𝑠𝑠𝑖𝑖𝑝𝑝𝑝𝑝�

𝑛𝑛𝑛𝑛𝑛𝑛 − 1� −
𝑣𝑣𝑝𝑝𝑝𝑝 + 𝑅𝑅𝑠𝑠𝑖𝑖𝑝𝑝𝑝𝑝

𝑅𝑅𝑠𝑠ℎ
 (2.6) 

  The Fig. 2.5 illustrates typical PV I-V and P-V curves where 𝐼𝐼𝑝𝑝𝑝𝑝,𝑠𝑠𝑠𝑠 is short-circuit value 

of 𝑖𝑖𝑝𝑝𝑝𝑝, 𝐼𝐼𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 is value of 𝑖𝑖𝑝𝑝𝑝𝑝 at MPP, 𝑉𝑉𝑝𝑝𝑝𝑝,𝑜𝑜𝑜𝑜 is open-circuit value of 𝑣𝑣𝑝𝑝𝑝𝑝, 𝑉𝑉𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 is value of 

𝑣𝑣𝑝𝑝𝑝𝑝 at MPP, 𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑖𝑖𝑝𝑝𝑝𝑝𝑣𝑣𝑝𝑝𝑝𝑝 and 𝑃𝑃𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 is the value of 𝑝𝑝𝑝𝑝𝑝𝑝 at MPP. It can be inferred from eq. 

(2.6) that the PV I-V and P-V characteristics are influenced by 𝑖𝑖𝑝𝑝ℎ which in turn is a function 

of 𝐺𝐺. Thus, MPP does stay fixed in position and shifts with the changes in the 𝐺𝐺. For designing 

the components of the PV system, typically rated values of 𝐼𝐼𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑉𝑉𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 are used that 

are obtained at standard test conditions (STC) i.e., 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = 25°∁, 𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 = 1 𝑘𝑘𝑘𝑘 𝑚𝑚2⁄  and 1.5 air 

mass. 
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Figure 2.5: PV I-V and P-V curves  

2.3.2 Boost Converter  

  The electrical energy from the PV module is injected to the inverter by a DC-DC boost 

converter. It comprises an inductor, a switch and a diode which are connected to the DC-link 

capacitor. The schematic diagram of the converter is illustrated in Fig. 2.6 where 𝑖𝑖𝐿𝐿 is current 

through the inductor, 𝐿𝐿𝑏𝑏 is inductance value of the inductor, 𝑔𝑔𝑏𝑏 is gate signal to the switch, 𝐶𝐶𝑑𝑑𝑑𝑑 

is output DC-link capacitance, and 𝑖𝑖𝑑𝑑𝑑𝑑 is output DC link current.  

 

Figure 2.6: Schematic circuit diagram of the DC-DC boost converter. 
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 The DC-DC boost converter can be set to function in either continuous conduction 

mode (CCM) or discontinuous conduction mode (DCM). In the former, the operation in each 

switching period can be separated into two intervals: when the switch is closed i.e., 𝑔𝑔𝑏𝑏 = 1, 

and when the switch is open i.e., 𝑔𝑔𝑏𝑏 = 1. Fig. 2.7 shows equivalent schematic circuit diagram 

of the converter during the time that the switch is closed assuming ideal circuit elements. In 

this case, the input energy is accumulated in the inductor whereas the 𝑖𝑖𝑑𝑑𝑑𝑑 is provided by the 

capacitor. 

 

Figure 2.7: Equivalent schematic circuit diagram of the converter during the time that the 

switch is closed. 

  Fig. 2.8 shows equivalent schematic circuit diagram of the converter during the time 

that the switch is open. In this case, the inductor supplies the accumulated energy to the output 

capacitor and inverter. Fig. 2.9 depicts the operational waveforms of the converter during 

complete switching cycle where 𝑓𝑓𝑏𝑏 is the switching frequency and 𝐷𝐷 is the proportion of the 

switching period when it is closed, also referred to as duty cycle. The average relation of the 

input and output voltages is expressed in terms of the 𝐷𝐷 (eq. (2.7)). 

𝑣𝑣𝑝𝑝𝑝𝑝 = (1 − 𝐷𝐷)𝑣𝑣𝑑𝑑𝑑𝑑 (2.7) 
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Figure 2.8: Equivalent schematic circuit diagram of the converter during the time that the 

switch is open. 

 

Figure 2.9: Operational waveforms of the converter in CCM. 

  Fig. 2.10 depicts the operational waveforms of the converter in DCM. In this 

mode, the flow of current across the inductor is discontinuous since 𝑖𝑖𝐿𝐿 drops to zero before the 

start of the subsequent switching period. It is desirable to operate the boost converter in CCM 

since it gives smoother and more predictable current and voltage waveforms and thus enables 

more efficient MPPT. The minimum inductance to ensure CCM operation is given by eq. (2.8) 

𝐿𝐿𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐷𝐷(1 − 𝐷𝐷)2𝑣𝑣𝑑𝑑𝑑𝑑

2𝑓𝑓𝑏𝑏𝑖𝑖𝑑𝑑𝑑𝑑
 (2.8) 
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Figure 2.10: Operational waveforms of the converter in DCM. 

 In practice, inductance much higher than 𝐿𝐿𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 is required due to input current ripple 

and maximum output current specifications. A good estimation for the 𝐿𝐿𝑏𝑏 can be obtained using 

eq. (2.9) where 𝑉𝑉𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠 is the rated PV module voltage, 𝑉𝑉𝑑𝑑𝑑𝑑∗  is the reference DC link voltage, 

and ∆𝑖𝑖𝐿𝐿 is the desired inductor current ripple [37]. 

𝐿𝐿𝑏𝑏 =
𝑉𝑉𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠(𝑉𝑉𝑑𝑑𝑑𝑑∗ − 𝑉𝑉𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠)

∆𝑖𝑖𝐿𝐿𝑓𝑓𝑏𝑏𝑉𝑉𝑑𝑑𝑑𝑑∗
 (2.9) 

In order to obtain maximum efficiency at different irradiance levels, the 𝑣𝑣𝑝𝑝𝑝𝑝 is maintained at 

𝑣𝑣𝑝𝑝𝑝𝑝.𝑚𝑚𝑚𝑚𝑚𝑚 by controlling 𝐷𝐷 through 𝑔𝑔𝑏𝑏. In this MSc thesis, FLC is used to track the MPP and 

generate the corresponding 𝑔𝑔𝑏𝑏.  

2.3.3. Fuzzy Logic Controller-Based Maximum Power Point Tracking 

  Fig. 2.11 shows the proposed controller block diagram for the FLC-based MPPT. The 

inputs to the FLC are the rate of change of 𝑝𝑝𝑝𝑝𝑝𝑝 with respect to 𝑣𝑣𝑝𝑝𝑝𝑝 (eq. 2.10) and the change in 

the rate of change (eq. 2.11). 

𝑂𝑂𝑝𝑝𝑝𝑝[𝑗𝑗] =
𝑝𝑝𝑝𝑝𝑝𝑝[𝑗𝑗] − 𝑝𝑝𝑝𝑝𝑝𝑝[𝑗𝑗 − 1]
𝑣𝑣𝑝𝑝𝑝𝑝[𝑗𝑗] − 𝑣𝑣𝑝𝑝𝑝𝑝[𝑗𝑗 − 1]

 (2.10) 

∆𝑂𝑂𝑝𝑝𝑝𝑝[𝑗𝑗] = 𝑂𝑂𝑝𝑝𝑝𝑝[𝑗𝑗] − 𝑂𝑂𝑝𝑝𝑝𝑝[𝑗𝑗 − 1] (2.11) 
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  The output of the FLC is the increase in the boost converter duty cycle (eq. (2.12)).  

∆𝐷𝐷[𝑗𝑗] = 𝐷𝐷[𝑗𝑗] − 𝐷𝐷[𝑗𝑗 − 1] (2.12) 

  Type-1 Mamdani fuzzy inference system is adopted in this MSc thesis since it offers 

high degree of flexibility in representing relationships between inputs and outputs under 

complex system dynamics and is most commonly used in the literature [38]. Fuzzification and 

defuzzification are done by using combination of triangular and trapezoidal membership 

functions due to computational efficiency and ease of implementation. “Min” and “max” 

methods are used for “AND” and “OR” operations during fuzzification, and centroid of area 

method is used during defuzzification. A 5x5 rule base with 5 membership functions for each 

input is adopted since it is found to be sufficient to characterize the mapping between the input 

and output variables and increasing the number of membership functions beyond that will 

increase the computational complexity of the FLC. Generally, designing Mamdani fuzzy 

inference system require intuitive knowledge of the system behavior. In this MSc thesis, rule-

base and membership function ranges are first formulated from the systematic design steps 

recommended in [39]. Then, further fine tuning of the input and output gains, 𝐺𝐺𝑂𝑂, 𝐺𝐺∆𝑂𝑂 and 𝐺𝐺∆𝐷𝐷, 

is done based on the analysis of the results from the P&O algorithm and through trial and error 

to reach desired performance targets. Fig. 2.12 and Table 2.1 show the obtained membership 

functions and rule base where “+”, “-”, “N”, “L” and “H” stand for positive, negative, no, low 

and high changes in the variables, respectively.  

 

Figure 2.11: Controller block diagram for MPPT 
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Figure 2.12: FLC membership functions of input and output variables for MPPT 

 

Table 2.1: FLC rule base for MPPT 

 ∆𝑶𝑶𝒑𝒑𝒑𝒑 
-H -L N +L +H 

𝑶𝑶𝒑𝒑𝒑𝒑  

-H N +H +H +H +H 

-L +H +L +L N N 

N +L N N N -L 

+L N N -L -L -H 

+H +H N -L -H N 

2.4. Active Power Filter 

2.4.1. Inverter 

  Fig. 2.13 depicts the schematic circuit diagram of the three-phase voltage source 

inverter with the input DC-link capacitor and output AC line interfacing inductors.  
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Figure 2.13: Schematic circuit diagram of the three-phase voltage source inverter 

 A half-bridge inverter topology with three-legs and six switches is adopted. The upper 

and lower switches in each leg are complementary as shown in eq. (2.13-15) where 𝑔𝑔𝑖𝑖,𝑎𝑎,𝑢𝑢, 𝑔𝑔𝑖𝑖,𝑎𝑎,𝑙𝑙, 

𝑔𝑔𝑖𝑖,𝑏𝑏,𝑢𝑢, 𝑔𝑔𝑖𝑖,𝑏𝑏,𝑙𝑙, 𝑔𝑔𝑖𝑖,𝑐𝑐,𝑢𝑢, and 𝑔𝑔𝑖𝑖,𝑐𝑐,𝑙𝑙 are the gate signals to the switches. 

𝑔𝑔𝑖𝑖,𝑎𝑎,𝑢𝑢 + 𝑔𝑔𝑖𝑖,𝑎𝑎,𝑙𝑙 = 1 (2.13) 

𝑔𝑔𝑖𝑖,𝑏𝑏,𝑢𝑢 + 𝑔𝑔𝑖𝑖,𝑏𝑏,𝑙𝑙 = 1 (2.14) 

𝑔𝑔𝑖𝑖,𝑐𝑐,𝑢𝑢 + 𝑔𝑔𝑖𝑖,𝑐𝑐,𝑙𝑙 = 1 (2.15) 

 In general, the inverter has eight switching states that are tabulated in Table 2.2 where 

𝑣𝑣𝑖𝑖,𝑎𝑎𝑎𝑎,  𝑣𝑣𝑖𝑖,𝑏𝑏𝑏𝑏, and 𝑣𝑣𝑖𝑖,𝑐𝑐𝑐𝑐 are the phase to phase voltages at the inverter output terminals. 

Table 2.2: Switching states of the three-phase voltage source inverter 

𝒈𝒈𝒊𝒊,𝒂𝒂,𝒖𝒖 𝒈𝒈𝒊𝒊,𝒃𝒃,𝒖𝒖 𝒈𝒈𝒊𝒊,𝒄𝒄,𝒖𝒖 𝒗𝒗𝒊𝒊,𝒂𝒂𝒂𝒂 𝒗𝒗𝒊𝒊,𝒃𝒃𝒃𝒃 𝒗𝒗𝒊𝒊,𝒄𝒄𝒄𝒄 
0 0 0 0 0 0 
0 0 1 0 −𝑣𝑣𝑑𝑑𝑑𝑑 𝑣𝑣𝑑𝑑𝑑𝑑 
0 1 0 −𝑣𝑣𝑑𝑑𝑑𝑑 𝑣𝑣𝑑𝑑𝑑𝑑 0 
0 1 1 −𝑣𝑣𝑑𝑑𝑑𝑑 0 −𝑣𝑣𝑑𝑑𝑑𝑑 
1 0 0 𝑣𝑣𝑑𝑑𝑑𝑑 0 −𝑣𝑣𝑑𝑑𝑑𝑑 
1 0 1 𝑣𝑣𝑑𝑑𝑑𝑑 −𝑣𝑣𝑑𝑑𝑑𝑑 0 
1 1 0 0 𝑣𝑣𝑑𝑑𝑑𝑑 −𝑣𝑣𝑑𝑑𝑑𝑑 
1 1 1 0 0 0 
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 It can be seen that the resulting phase to phase voltages have three discrete levels: −𝑣𝑣𝑑𝑑𝑑𝑑, 

0 and 𝑣𝑣𝑑𝑑𝑑𝑑. Due to the voltage drop at the coupling inductors, 𝐿𝐿𝑖𝑖, the inverter needs to maintain 

𝑣𝑣𝑖𝑖,𝑎𝑎𝑎𝑎,  𝑣𝑣𝑖𝑖,𝑏𝑏𝑏𝑏, and 𝑣𝑣𝑖𝑖,𝑐𝑐𝑐𝑐, higher than the corresponding source voltages at the point of common 

coupling, 𝑣𝑣𝑠𝑠,𝑎𝑎𝑎𝑎, 𝑣𝑣𝑠𝑠,𝑏𝑏𝑏𝑏, and 𝑣𝑣𝑠𝑠,𝑐𝑐𝑐𝑐, in order to generate the compensating currents, 𝑖𝑖𝑖𝑖,𝑎𝑎, 𝑖𝑖𝑖𝑖,𝑏𝑏, and 

𝑖𝑖𝑖𝑖,𝑐𝑐. For this purpose, the minimum allowable DC link voltage level can be calculated using eq. 

(2.16) where 𝑉𝑉𝑠𝑠 is the phase to phase RMS source voltage [40].  

𝑣𝑣𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚 =
2√2𝑉𝑉𝑠𝑠
√3

 (2.16) 

 Thus, 𝑉𝑉𝑑𝑑𝑑𝑑∗  should be chosen larger than 𝑣𝑣𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚. During steady-state operation, the 𝑣𝑣𝑑𝑑𝑑𝑑 

is maintained at 𝑉𝑉𝑑𝑑𝑑𝑑∗  with some ripples. The voltage ripples in DC-link will, in turn, add ripples 

to the inverter output currents, 𝑖𝑖𝑖𝑖 . Thus, the capacitor should be properly sized in order to 

maintain the ripple within the required specifications. In this MSc thesis, the DC-link 

capacitance value is selected according to eq. (2.17) where 𝑃𝑃𝑙𝑙,𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum active power 

demand of the load and ∆𝑉𝑉𝑑𝑑𝑑𝑑 is the allowable DC link voltage ripple [41]. 

𝐶𝐶𝑑𝑑𝑑𝑑 =
𝑃𝑃𝑙𝑙 𝑉𝑉𝑑𝑑𝑑𝑑∗⁄

4𝜋𝜋𝑓𝑓𝑠𝑠∆𝑉𝑉𝑑𝑑𝑑𝑑
 (2.17) 

2.4.2. Hysteresis Current Control 

 In order to generate the compensating currents, 𝑖𝑖𝑖𝑖, the inverter is set to operate in current 

controlled mode. The hysteresis current controller is used in this MSc thesis. Hysteresis current 

controller operates by generating gate signals, 𝑔𝑔𝑖𝑖 , to the inverter switches based on the 

difference between 𝑖𝑖𝑖𝑖 and 𝑖𝑖𝑖𝑖∗. The control logics for the upper switches are expressed in eq. 

(2.18-2.20) where 𝐻𝐻𝐻𝐻 is a constant hysteresis band. 

𝑔𝑔𝑖𝑖,𝑎𝑎,𝑢𝑢 = �
0, 𝑖𝑖𝑖𝑖,𝑎𝑎 − 𝑖𝑖𝑖𝑖,𝑎𝑎∗ < 𝐻𝐻𝐻𝐻
1, 𝑖𝑖𝑖𝑖,𝑎𝑎 − 𝑖𝑖𝑖𝑖,𝑎𝑎∗ ≥ 𝐻𝐻𝐻𝐻 (2.18) 
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𝑔𝑔𝑖𝑖,𝑏𝑏,𝑢𝑢 = �
0, 𝑖𝑖𝑖𝑖,𝑏𝑏 − 𝑖𝑖𝑖𝑖,𝑏𝑏∗ < 𝐻𝐻𝐻𝐻
1, 𝑖𝑖𝑖𝑖,𝑏𝑏 − 𝑖𝑖𝑖𝑖,𝑏𝑏∗ ≥ 𝐻𝐻𝐻𝐻 

(2.19) 

𝑔𝑔𝑖𝑖,𝑐𝑐,𝑢𝑢 = �
0, 𝑖𝑖𝑖𝑖,𝑐𝑐 − 𝑖𝑖𝑖𝑖,𝑐𝑐∗ < 𝐻𝐻𝐻𝐻
1, 𝑖𝑖𝑖𝑖,𝑐𝑐 − 𝑖𝑖𝑖𝑖,𝑐𝑐∗ ≥ 𝐻𝐻𝐻𝐻 

(2.20) 

  The Fig. 2.14 shows the hysteresis current control voltage and current waveforms for 

phase a. 

 

Figure 2.14: Hysteresis current control waveforms for phase a.  

 In hysteresis current control, the inverter switching frequency, 𝑓𝑓𝑖𝑖, is determined by the 

time it takes for 𝑖𝑖𝑖𝑖,𝑎𝑎 to go from the lower to the upper limit of the HB and vice versa. It can be 

seen from the Fig. 2.14 that 𝑓𝑓𝑖𝑖 does not remain constant and changes according to the band 

limits and rate of change of 𝑖𝑖𝑖𝑖,𝑎𝑎. The latter, in its turn, depends on the DC link voltage and 

coupling inductors. Generally, small HB and high 𝑓𝑓𝑖𝑖 are desired to decrease the current ripples 

and increase the transient response of the controller. Given the desired specifications for the 

inverter switching frequency, hysteresis band and DC link voltage, an estimation for the 

required sizing of the coupling inductors can be obtained by using eq. (2.21) [42]. 
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𝐿𝐿𝑖𝑖 =
√3𝑉𝑉𝑑𝑑𝑑𝑑∗

12𝑓𝑓𝑖𝑖𝐻𝐻𝐻𝐻
 (2.21) 

2.4.3. Reference Current Calculation  

  Reference current calculation is based on the instantaneous power theory also referred 

to as p-q theory. First, the source voltages, 𝑣𝑣𝑠𝑠, and load currents, 𝑖𝑖𝑙𝑙, in the a-b-c frame are 

converted to the α-β frame using well-known Clarke transformation (eq. (2.22-2.23)). 

�
𝑣𝑣𝑠𝑠,𝛼𝛼
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� (2.22) 

�
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1
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1
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1
2

−
1
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⎥
⎥
⎤
�
𝑖𝑖𝑙𝑙,𝑎𝑎
𝑖𝑖𝑙𝑙,𝑏𝑏
𝑖𝑖𝑙𝑙,𝑐𝑐
� (2.23) 

  From these, the instantaneous real and imaginary load powers, 𝑝𝑝𝑙𝑙 and 𝑞𝑞𝑙𝑙, are computed 

according to eq. (2.24). 

�
𝑝𝑝𝑙𝑙
𝑞𝑞𝑙𝑙� = �

𝑣𝑣𝑠𝑠,𝛼𝛼 𝑣𝑣𝑠𝑠,𝛽𝛽
𝑣𝑣𝑠𝑠,𝛽𝛽 −𝑣𝑣𝑠𝑠,𝛼𝛼

� �
𝑖𝑖𝑙𝑙,𝛼𝛼
𝑖𝑖𝑙𝑙,𝛽𝛽

� (2.24) 

  The 𝑝𝑝𝑙𝑙 can be separated into its mean, 𝑝𝑝𝑙𝑙� . and alternating, 𝑝𝑝𝑙𝑙� , parts such that 𝑝𝑝𝑙𝑙 = 𝑝𝑝𝑙𝑙� +

 𝑝𝑝𝑙𝑙� . Here, the 𝑝𝑝𝑙𝑙�  corresponds to the harmonic component of the 𝑝𝑝𝑙𝑙� . In order to supply the PV 

power and generate compensation for the undesired harmonics and DC link loss, 𝑝𝑝𝑑𝑑𝑑𝑑,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, the 

reference inverter currents, 𝑖𝑖𝑖𝑖∗, in α-β frame and subsequently in a-b-c frame are calculated 

using eq. (2.25) and eq. (2.26), respectively.  

�
𝑖𝑖𝑖𝑖,α∗

𝑖𝑖𝑖𝑖,β∗
� =

1
𝑣𝑣𝑠𝑠,𝛼𝛼

2 + 𝑣𝑣𝑠𝑠,𝛽𝛽
2 �
𝑣𝑣𝑠𝑠,𝛼𝛼 −𝑣𝑣𝑠𝑠,𝛽𝛽
𝑣𝑣𝑠𝑠,𝛽𝛽 𝑣𝑣𝑠𝑠,𝛼𝛼

� �𝑝𝑝𝑙𝑙� + 𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑝𝑝𝑑𝑑𝑑𝑑,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
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� (2.25) 
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  The controller block diagram for the above steps is shown in Fig. 2.15. 

 

Figure 2.15: Controller block diagram for reference current calculation 

2.4.4. Fuzzy Logic Controller-Based Direct Current Link Voltage Regulation 

  As mentioned earlier, for adequate APF operation, the DC link voltage, 𝑣𝑣𝑑𝑑𝑑𝑑, needs to 

be regulated to remain at the constant reference value, 𝑉𝑉𝑑𝑑𝑑𝑑∗ . During transient conditions e.g., 

abrupt changes in the load and PV generation, the differences in the active power supply and 

demand is supplied by the DC link capacitor. As a result, sudden and large increases 

(overshoots) or decreases (undershoots) in the 𝑣𝑣𝑑𝑑𝑑𝑑 levels are introduced. As shown earlier, p-

q theory provides means for 𝑣𝑣𝑑𝑑𝑑𝑑  regulation based on the 𝑝𝑝𝑑𝑑𝑑𝑑,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  which corresponds to the 

power loss at the DC link capacitor 𝐶𝐶𝑑𝑑𝑑𝑑. Fig. 2.16 illustrates the block diagram of FLC-based 

𝑝𝑝𝑑𝑑𝑑𝑑,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  estimation for 𝑣𝑣𝑑𝑑𝑑𝑑  regulation. As in the case for MPPT, fuzzification and 

defuzzification are done by using combination of triangular and trapezoidal membership 

functions due to computational efficiency and ease of implementation. “Min” and “max” 

methods are used for “AND” and “OR” operations during fuzzification, and centroid of area 

method is used during defuzzification. For DC link voltage regulation, a 7x7 rule base with 7  
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membership functions for each input are needed to efficiently capture the highly nonlinear 

relationships between the input and output variables. Rule-base and membership function 

ranges are first formulated according to the systematic design steps recommended in [39]. 

Then, further fine tuning of the input and output gains, 𝐺𝐺𝐸𝐸 , 𝐺𝐺𝑑𝑑𝐸𝐸  and 𝐺𝐺𝑝𝑝 , is done from the 

analysis of the results from the conventional PI control and through trial and error to reach 

desired performance targets. Fig. 2.17 shows the FLC membership functions for input and 

output variables and Table 2.3 shows the FLC rule base. In this case, “M” stands for moderate 

changes in the variables.  

 

Figure 2.17: FLC membership functions of input and output variables for DC link 

voltage regulation 

 

Figure 2.16: Controller block diagram for DC link voltage regulation 
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Table 2.3: FLC rule base for DC link voltage regulation 

 𝒅𝒅
𝒅𝒅𝒅𝒅
𝑬𝑬𝒅𝒅𝒅𝒅 

-H -M -L N +L +M +H 

     𝑬𝑬𝒅𝒅𝒅𝒅  

-H -H -H -H -H -M -L N 

-M -H -H -H -M -L N +L 

-L -H -H -M -L N +L +M 

N -H -M -L N +L +M +H 

+L -M -L N +L +M +H +H 

+M -L N +L +M +H +H +H 

+H N +L +M +H +H +H +H 
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Chapter 3 – Simulation Study 

3.1. System Model Parameters 

  The simulation studies are carried out in MATLAB/Simulink to analyze and verify the 

effectiveness of the proposed PV integrated grid-tied APF with FLCs for MPPT and DC link 

voltage regulation. The implemented Simulink model of the proposed system is depicted in 

Fig. 3.1. The parameters of the system adopted in the simulation are tabulated in Table 3.1. 

The power system includes a three-phase grid with 𝑉𝑉𝑠𝑠 = 400 𝑉𝑉 phase to phase RMS voltage 

and 𝑓𝑓𝑠𝑠 = 50 𝐻𝐻𝐻𝐻 operating frequency and two nonlinear loads with a combined 𝑃𝑃𝑙𝑙 = 8.967 𝑘𝑘𝑘𝑘 

of active power demand. For the PV system, 2 parallel strings of 6 series SunPower SPR-300E-

WHT-D modules are used with resultant rating of 𝑃𝑃𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠 = 3.603 𝑘𝑘𝑘𝑘 . The circuit 

elements are assumed to be ideal. The parameters and sizes of the components for the DC link, 

inverter and DC-DC boost converter are calculated according to the design considerations 

discussed in Chapter 2. Eq. (3.1) shows the calculation of the minimum allowable DC link 

voltage based on eq. (2.16). 

𝑣𝑣𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚 =
2 × √2 × 𝑉𝑉𝑠𝑠

√3
=

2 × √2 × 400
√3

= 653.20 𝑉𝑉 (3.1) 

  Thus, the reference DC link voltage is set larger than the 𝑣𝑣𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚 as 𝑉𝑉𝑑𝑑𝑑𝑑∗ = 700 𝑉𝑉. The 

DC link capacitance is first calculated in eq. (3.2) according to the energy balance formula in 

eq. (2.17) to limit the DC link voltage ripples to 1.4 𝑉𝑉 i.e., 0.2 % of the 𝑉𝑉𝑑𝑑𝑑𝑑∗ . However, for 

practical considerations, it is rounded to the closest accessible capacitator value. 

𝐶𝐶𝑑𝑑𝑑𝑑 =
𝑃𝑃𝑙𝑙 𝑉𝑉𝑑𝑑𝑑𝑑⁄

4𝜋𝜋𝑓𝑓𝑠𝑠∆𝑉𝑉𝑑𝑑𝑑𝑑
=

8968 700⁄
4𝜋𝜋 × 50 × 1.4

= 1456.43 𝜇𝜇𝜇𝜇 → 𝐶𝐶𝑑𝑑𝑑𝑑 = 1500 𝜇𝜇𝜇𝜇 (3.2) 

  The coupling inductance is calculated in eq. (3.3) for a hysteresis band of 𝐻𝐻𝐻𝐻 = 0.01 𝐴𝐴 

and inverter switching frequency of 𝑓𝑓𝑖𝑖 = 2000 𝑘𝑘𝑘𝑘𝑘𝑘 according to eq. (2.21).  
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Figure 3.1: Simulink model of the proposed PV integrated grid-tied APF system 
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Table 3.1: System parameters in simulation study 

Grid 𝑉𝑉𝑠𝑠 = 400 𝑉𝑉, 𝑓𝑓𝑠𝑠 = 50 𝐻𝐻𝐻𝐻 

Nonlinear loads 
1 𝑅𝑅𝑙𝑙,1 = 60 𝛺𝛺, 𝐿𝐿𝑙𝑙,1 = 80 𝑚𝑚𝑚𝑚, 𝑃𝑃𝑙𝑙,1 = 4.484𝑘𝑘𝑘𝑘 

2 𝑅𝑅𝑙𝑙,2 = 60 𝛺𝛺, 𝐿𝐿𝑙𝑙,2 = 80 𝑚𝑚𝑚𝑚, 𝑃𝑃𝑙𝑙,2 = 4.484 𝑘𝑘𝑘𝑘 

Inverter 𝐿𝐿𝑖𝑖 = 5 𝑚𝑚𝑚𝑚 

DC-link 𝐶𝐶𝑑𝑑𝑑𝑑 = 1500 𝜇𝜇𝜇𝜇, 𝑉𝑉𝑑𝑑𝑑𝑑∗ = 700 𝑉𝑉 

DC-DC boost converter 𝐿𝐿𝑏𝑏 = 4 𝑚𝑚𝑚𝑚 

PV module 𝑉𝑉𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠 = 328.2 𝑉𝑉,  𝐼𝐼𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠 = 10.98 𝐴𝐴, 𝑃𝑃𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠 =
3.603 𝑘𝑘𝑘𝑘 

  

𝐿𝐿𝑖𝑖 =
√3 × 𝑉𝑉𝑑𝑑𝑑𝑑

12 × 𝑓𝑓𝑖𝑖 × 𝐻𝐻𝐻𝐻
=

√3 × 700
12 × 2000 × 10^3 × 0.01

= 5 𝑚𝑚𝑚𝑚 (3.3) 

  The boost converter inductance is calculated in eq. (3.4) according to eq. (2.9) to limit 

the current ripples to 2.196 𝐴𝐴 i.e., 20 % of the rated PV current, 𝐼𝐼𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠.  

𝐿𝐿𝑏𝑏 =
𝑉𝑉𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠(𝑉𝑉𝑑𝑑𝑑𝑑∗ − 𝑉𝑉𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠)

∆𝑖𝑖𝐿𝐿𝑓𝑓𝑏𝑏𝑉𝑉𝑑𝑑𝑑𝑑∗
=

328.2 × (700 − 328.2)
2.196 × 20 × 10^3 × 700

= 4 𝑚𝑚𝑚𝑚 (3.4) 

  Two operational scenarios are considered for the simulation studies. For comparative 

analysis, the performances of the FLCs are evaluated against the conventional P&O based 

controller for MPPT and PI controller for DC link voltage regulation. The Simulink models of 

the blocks comprising the proposed and conventional controllers are shown in Fig. 3.2 and Fig. 

3.3, respectively. The gains used for the input and output variables of the FLCs are 𝐺𝐺𝑂𝑂 = 0.06, 

𝐺𝐺∆𝑂𝑂 = 100, 𝐺𝐺∆𝐷𝐷 = 0.06, 𝐺𝐺𝐸𝐸 = 1, 𝐺𝐺𝑑𝑑𝐸𝐸 = 10 and 𝐺𝐺𝑝𝑝 = 100. The implementation of the P&O 

algorithm is done according to the Fig. 1.2.1.1 with fixed step size ∆𝐷𝐷𝑃𝑃&𝑂𝑂 = 0.0001. The 

tuning of the PI controller is done according to the [22, eq. (14)-(15)]. The obtained 

proportional and integral coefficients are 𝐾𝐾𝑝𝑝 = 0.62 and 𝐾𝐾𝑖𝑖 = 0.88, respectively.  
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Figure 3.2: Simulink model for the proposed FLCs for MPPT and DC link voltage 

regulation 
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Figure 3.3: Simulink model for the conventional P&O-based MPPT and PI-based DC link 

voltage regulation  
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3.2. Varying Solar Irradiance 

  In the first scenario, the operation of the system is analyzed under dynamic changes in 

solar irradiance, 𝐺𝐺, at standard temperature, 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = 25°𝐶𝐶 and constant loading (Fig 3.4). Fig 

3.5 shows the corresponding voltage and current waveforms of the system. Since a balanced  

Figure 3.4: Operational scenario with dynamic changes in solar irradiance  
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Figure 3.5: Voltage and current waveforms of the system in the scenario with dynamic 

changes in solar irradiance  

three-phase system is considered in this work, voltage and current waveforms corresponding 

to only one of the phases are used for the analysis. The simulation starts with both APF and 

PV system turned off. As no PV power and compensation for the harmonics are generated, the 

active power demand of the load is entirely fed from the grid and the undesired harmonics from 

the nonlinear loads are circulated within the grid resulting in distorted supply current. Fig 3.6 

(a) shows the fast Fourier transform analysis on the harmonic contents of the load and grid 

currents. The currents have harmonic orders of ℎ = 1, 5, 7, 11, 13… as expected from eq. (2.4) 

which result in THD of 22.88 %. At 𝑡𝑡 = 0.05 𝑠𝑠, the APF is turned on and starts to generate 

compensation for the load current harmonics. The grid current waveform in this case takes 

sinusoidal shape with small-scale high-frequency ripples due to the HB of the hysteresis current 

controller. As a result, the THD is reduced to 2.10 % (Fig 3.6 (b)).  

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

-200

0

200
G

rid
 p

ha
se

vo
lta

ge
, v

s,
a(V

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-20

0

20

G
rid

 p
ha

se
cu

rre
nt

, i
s,

a(A
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-20

0

20

N
on

lin
ea

r l
oa

ds
ph

as
e 

cu
rre

nt
, i

l,a
(A

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time, t (s)

-20

0

20

P
V

-A
P

F 
ph

as
e

cu
rre

nt
, i

i,a
(A

)



35 
 

 

Figure 3.6: Harmonic contents of (a) load and grid currents before compensation and (b) 

grid current after APF compensation between t=0.05 s and t=0.3 s. 

  At 𝑡𝑡 = 0.3 𝑠𝑠, the PV system is turned on at maximum irradiance i.e.,  𝐺𝐺 = 1 𝑘𝑘𝑘𝑘 𝑚𝑚2⁄  

with following stepwise decreases in 𝐺𝐺 to 0.6 𝑘𝑘𝑘𝑘 𝑚𝑚2⁄  at 𝑡𝑡 = 0.4 𝑠𝑠, 0.4 𝑘𝑘𝑘𝑘 𝑚𝑚2⁄  at 𝑡𝑡 = 0.5 𝑠𝑠 

and 0.2 𝑘𝑘𝑘𝑘 𝑚𝑚2⁄  at 𝑡𝑡 = 0.6 𝑠𝑠. During these intervals, the active power demand of the loads, 

𝑃𝑃𝑙𝑙 = 8.967 𝑘𝑘𝑘𝑘, is partially shared between the PV system and the grid. Fig. 3.7 compares the 

active power plots of the system in the cases of conventional controller with P&O algorithm 

and the proposed FLC for MPPT. The performances of the controllers are evaluated with regard 

to settling times and steady state-errors in response to the abrupt step changes in the 𝐺𝐺 (Table 

3.2). The settling time, 𝑡𝑡𝑠𝑠𝑠𝑠, is estimated as the time it takes for the active power supplied by the 

PV integrated APF, 𝑝𝑝𝑖𝑖, to converge to its steady state value within 5% tolerance. The steady-

state errors, 𝐸𝐸𝑠𝑠𝑠𝑠, are estimated as the absolute difference between the steady-state values and 

the theoretical maximum power of the PV module at the given 𝐺𝐺 . It can be seen that the 

proposed FLC for MPPT shows shorter 𝑡𝑡𝑠𝑠𝑠𝑠 and smaller 𝐸𝐸𝑠𝑠𝑠𝑠. This is due to the fact that the 

conventional P&O algorithm uses small fixed increments/decrements in duty cycle, ∆𝐷𝐷𝑃𝑃&𝑂𝑂, for 
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tracking the MPP and thus responds relatively slow to sudden and large changes in 𝐺𝐺 . 

Furthermore, due to the fixed ∆𝐷𝐷𝑃𝑃&𝑂𝑂, the P&O algorithm does not settle precisely at MPP, but 

instead continues to oscillate around it. The oscillations cause power losses, which in turn, 

result in lower PV efficiency [43-44]. Decreasing the ∆𝐷𝐷𝑃𝑃&𝑂𝑂 to reduce the oscillations will lead 

to longer 𝑡𝑡𝑠𝑠𝑠𝑠, while increasing the ∆𝐷𝐷𝑃𝑃&𝑂𝑂 for faster tracking will lead to larger oscillations and 

𝐸𝐸𝑠𝑠𝑠𝑠. The FLC, on the other hand, adaptively adjusts the ∆𝐷𝐷 based on the implemented rule-

base and membership functions in response to the changes in the inputs. During the sudden  
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Figure 3.7: Active power waveforms of the system in the scenario with dynamic 

changes in solar irradiance. 
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change in 𝐺𝐺, FLC takes larger ∆𝐷𝐷 to reach the MPP, and once near the MPP, it takes smaller 

∆𝐷𝐷 to minimize oscillations. As a result, it achieves higher tracking speed and accuracy. 

  The abrupt changes in the PV output create momentary differences between the active 

power supply and demand in the system. The differences are compensated by 

charging/discharging the DC link capacitor, 𝐶𝐶𝑑𝑑𝑑𝑑 , resulting in fluctuations of the DC link 

voltage, 𝑣𝑣𝑑𝑑𝑑𝑑. These fluctuations, in turn, undermine the operation of the APF.  Fig. 3.8 shows 

the 𝑣𝑣𝑑𝑑𝑑𝑑  waveforms in the cases of conventional PI controller and proposed FLC. The 

performances of the controllers are evaluated in terms of overshoot/undershoot, 𝑡𝑡𝑠𝑠𝑠𝑠, 𝐸𝐸𝑠𝑠𝑠𝑠, and 

Table 3.2: Settling times and steady-state errors for the P&O based controller and FLC 

in the scenario with dynamic changes in solar irradiance. 

 
Solar Irradiance, 𝑮𝑮 (𝒌𝒌𝒌𝒌 𝒎𝒎𝟐𝟐⁄ ) 

1 0.6 0.4 0.2 

P&O 
𝑡𝑡𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) 13.3 3.45 2.98 2.98 

𝐸𝐸𝑠𝑠𝑠𝑠 (𝑊𝑊) 40.0 34.2 35.5 35.7 

FLC 
𝑡𝑡𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) 3.78 1.97 1.82 1.81 

𝐸𝐸𝑠𝑠𝑠𝑠 (𝑊𝑊) 15.5 12.6 21 18.7 

Figure 3.8: DC link voltage waveforms in the scenario with dynamic changes in 

solar irradiance. 
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grid current THD during the intervals of changes in the 𝐺𝐺  (Table 3.3). In this case, 𝑡𝑡𝑠𝑠𝑠𝑠  is 

estimated as the time it takes for the 𝑣𝑣𝑑𝑑𝑑𝑑 to converge to the reference value 𝑉𝑉𝑑𝑑𝑑𝑑∗ = 700 𝑉𝑉 within 

±2 𝑉𝑉 tolerance and 𝐸𝐸𝑠𝑠𝑠𝑠 is estimated as the average absolute difference between the 𝑣𝑣𝑑𝑑𝑑𝑑 and the 

𝑉𝑉𝑑𝑑𝑑𝑑∗  at the end of the given interval. The results show that the FLC achieves relatively faster 

and more accurate responses with less overshoots/undershoots compared to the PI controller 

which lead to more stable DC link voltage waveform and better harmonic compensation.  

 

Table 3.3: DC link voltage overshoots/undershoots, settling times, steady-state errors and 

grid current THDs for the PI based controller and FLC in the scenario with dynamic 

changes in solar irradiance. 

 
Simulation time, 𝒕𝒕 (𝒔𝒔) 

0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 

PI 

Overshoot/Undershoot (%) 2.29 0.5 0.714 0.684 

𝑡𝑡𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) - 73.3 81.0 79.9 

𝐸𝐸𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) 5100 1322 1063 1058 

THD (%) 5.23 4.78 3.97 3.86 

FLC 

Overshoot/Undershoot (%) 1.57 0.77 0.423 0.421 

𝑡𝑡𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) 71.7 36.7 25.9 25.2 

𝐸𝐸𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) 907 133 97 78 

THD (%) 3.03 2.51 2.33 2.20 
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3.3. Varying Loading  

  In the second scenario, the operation of the system is analyzed under dynamic changes 

in the loading, while PV system once activated at 𝑡𝑡 = 0.2 𝑠𝑠 stays at constant 𝐺𝐺 = 1 𝑘𝑘𝑘𝑘 𝑚𝑚2⁄  

(Fig 3.9). Fig 3.10 shows the corresponding voltage and current waveforms of the system. 

Initially, both loads are connected the active power demand of which is partially shared 

between the PV module and the grid. From 𝑡𝑡 = 0.4 𝑠𝑠 to 𝑡𝑡 = 0.6 𝑠𝑠, the load 2 is disconnected. 

The decrease in the active power demand is balanced by the decrease in the current and the 

active power supplied from the grid. Since active power supplied by the PV stays the same, the 

changes in the loading do not have a significant effect on the performance of the MPPT control. 

However, as in the first scenario, at the points of abrupt changes in the loading 
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Figure 3.9: Operational scenario with dynamic changes in the loading  
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momentary differences between the active power supply and demand in the system arise which 

are compensated by the 𝐶𝐶𝑑𝑑𝑑𝑑 resulting in fluctuations of the 𝑣𝑣𝑑𝑑𝑑𝑑 waveforms and hindrances to 

the operation of the APF. Fig. 3.11 shows the 𝑣𝑣𝑑𝑑𝑑𝑑 waveforms in the cases of conventional PI 

controller and proposed FLC. Table 3.4 tabulates the performances of the controllers in terms 

DC link voltage overshoots/undershoots, settling times, steady-state errors and grid current 

THDs during the intervals of changes in the load. In this case ±1 𝑉𝑉 tolerance range is used for 

estimating 𝑡𝑡𝑠𝑠𝑠𝑠 . The results show that both controllers were able to minimize the  

Ess . However, as in the first scenario, the FLC achieves faster 𝑡𝑡𝑠𝑠𝑠𝑠  with less 

overshoots/undershoots compared to the PI controller which lead to more stable DC link 

voltage waveform and better harmonic compensation.  
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Figure 3.10: Voltage and current waveforms of the system in the scenario with dynamic 

changes in the loading  
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Table 3.4: DC link voltage overshoots/undershoots, settling times, steady-state errors and 

grid current THDs for the PI based controller and FLC in the scenario with dynamic 

changes in the loading. 

 
Simulation time, 𝒕𝒕 (𝒔𝒔) 

0.4 − 0.6 0.6 − 0.8 

PI 

Overshoot/Undershoot (%) 1.10 1.35 

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) 59.15 64.7 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) 0 0 

THD (%) 7.42 5.75 

FLC 

Overshoot/Undershoot (%) 0.709 0.944 

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) 28.11 36.4 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑚𝑚𝑚𝑚) 0 0 

THD (%) 4.86 3.05 

 

Figure 3.11: DC link voltage waveforms in the scenario with dynamic changes in 

the loading. 



42 
 

 

Chapter 4 – Experimental Results  

4.1. Details of Setup 

  Experimental test is carried out in a laboratory setup to validate the effectiveness of the 

PV Integrated APF system (Fig. 4.1). The designed controllers are implemented on the FPGA-

based WAVECT WCU300HD controller. The advantage of using the WAVECT is that it can 

produce a real-time executable code directly from the designed MATLAB-Simulink models 

allowing for fast control prototyping. The WAVECT also provides build-in voltage and current 

sensors and PWM channels for direct measurement of the feedback signals and control of the 

converters without the need for external circuity. The test is performed with SM-SPV002-5020 

1 𝑘𝑘𝑘𝑘 PV emulator and an 2 𝑘𝑘𝑘𝑘 DC load.  

4.2. Results and Discussion 

  The experimental results with system voltage and current waveforms are presented in 

Fig 4.2.  

Figure 4.1: Experimental laboratory setup for the proposed PV Integrated APF system 
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Figure 4.2: Experimental results illustrating the operation of the PV integrated APF  

  At first, the PV injection is turned off and the APF operated by generating compensation 

for the load current harmonics while active power demand of the load is entirely fed from the 

grid. Then PV injection is turned on with 𝐺𝐺 = 1 𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ . The active power demand of the 

load in this case is partially shared between the PV system and the grid.  The Fig. 4.3-4.5 show 

the harmonic content of the load and grid currents during this interval. It can be seen that in the 

case of FLCs, the PV integrated APF achieved grid current THD reduction from 26.99 % to 

4.19 % which is below the 5 % limit indicated in the IEEE 519 standard. On the other hand, in 

the case of conventional P&O and PI controllers the THD is 5.47 %.  
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Figure 4.3: Harmonic content of the load current 

 

 

Figure 4.4: Harmonic content of the grid current in case of conventional P&O and PI 

controllers  
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Figure 4.5: Harmonic content of the grid current in case of proposed FLCs 
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Chapter 5 - Conclusion  

 5.1. Summary of Work Done 

  In this MSc thesis, PV integrated grid-tied APF system was designed and developed to 

provide dual benefits of supplying PV power to nonlinear loads and reducing the grid current 

harmonic distortion. Two FLCs for MPPT and DC link voltage regulation were proposed to 

maximize the PV system efficiency and reduce the fluctuations in the DC link under dynamic 

environmental and loading conditions. Simulation studies and experimental tests were done in 

MATLAB/Simulink and laboratory setup to evaluate and validate the operation of the proposed 

system. The simulation results show that the designed FLCs provide more accurate and faster 

response compared to the conventional P&O and PI controllers under large and abrupt changes 

in the solar insolation and loading resulting in higher PV efficiency and harmonic 

compensation capability. The experimental test confirmed that the PV integrated APF was able 

to supply PV active power to the load and achieve grid current THD within the limit specified 

in the IEEE 519 standard. The obtained results will promote wider adoption of PVs and APFs 

in the energy sector and contribute to mitigating the carbon emissions, energy shortage and PQ 

issues. 

 5.2. Future Work 

  In this MSc thesis, a fixed hysteresis band current control was used that results in large 

spectrum of high-frequency current ripples. Future works can include designing FLC for 

adaptive current control to further improve the performance of the PV integrated APF. Also, 

the PV integrated APF system was designed and evaluated with non-shaded PV and balanced 

loading conditions. Thus, there is a need for further research on design considerations and 

performance analysis in the more practical cases of partial PV shading and unbalanced loading. 

Furthermore, this work adopted shunt APF for current harmonic compensation. The future 

research scope in this direction can be extended to APFs with different topologies i.e., series 
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or hybrid and for mitigating other PQ issues e.g., power factor correction, load balancing and 

voltage harmonic compensation.  
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