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Abstract 

This work presents a Solar Photovoltaic Active Power Filter system (PV-APF) 

whose architecture basically consisted of a PV generator as primary renewable 

source three-phase double stage power converters (DC-DC, DC-AC), utility grid and 

non-linear load connected through Point of Common Coupling (PCC). In addition to 

the PV power injection the system intended to operate as an Active Power Filter 

(APF) to filter the harmonic pollution form the non-linear load. Based on the p-q 

theory, the PV-APF extracts the fundamental and harmonics information from the 

polluted load current in order to estimate a compensating reference current that 

should be injected along with a maximum photovoltaic power extracting (PPV).  

Moreover, we have investigated the use of new topology inverter that is the 

packed U-cell 5 levels (PUC5) inverter and compared with the conventional two-

level inverter. The comparable simulations of the PV-APF based on each inverter 

revealed the superiority of the PUC5 inverter in terms power quality improvement 

and achieved THD levels. According to obtained results of simulation, under 

standard test condition (STC) with a disconnected nonlinear load, the classical 

inverter measures THD of 1.24% in output current, whereas in case of using the 

PUC5 inverter and under the same conditions the THD was 0.19%.  

 
  

KeywordsـــShunt active power filter (SAPF), Photovoltaic (PV), Maximum 

power point tracking (MPPT), instantaneous active and reactive power theory 

(p-q), Total harmonic distortion (THD), Packed U-cell  5 levels inverter (PUC5), 

Perturb and observe (P&O), Model predictive control (MPC). 
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General Introduction 

Energy is playing a vital role for a sustainable economy of nations and the 

driving force for social and financial growth [1]. The electric energy demand in the 

world is increasing every year [2], and most of the energy is produced by conventional 

sources that contribute in the environment pollution. In the recent years, the renewable 

energy resources have been found to have a significant role in electrical power 

generation systems for being environment-friendly, secure and for other desirable 

features that give it advantage comparing to conventional fuels [3], thus renewable 

energy resources meet around 13.5% of the global energy demand [4], and the solar 

photovoltaic (PV) renewable energy system has gained a major importance [5].  

A grid connected PV system as proposed in this project injects power to the 

network without any need of an energy storage device. A three-phase grid connected 

photovoltaic systems is to be studied. The most common components of grid 

connected PV system (GPV) includes PV array, DC-DC converter and a voltage 

source inverter (VSI). The DC-DC converter ensures the extraction of the maximum 

power from the PV array.  

In the system under consideration, A double stage GPV has been adopted where 

a perturb and observe (P&O) based algorithm has been used for the maximum power 

point tracking operation (MPPT). In a double stage GPV, where the DC-DC boost 

converter ensures the maximum power point tracking (MPPT) in addition to VSI 

which converts the DC into AC power, whereas in a single stage system the DC-DC 

converter could be eliminated, by including the MPPT control in VSI control. Both 

single stage and double stage three-phase VSC based GPV systems perform the control 

of active power, reactive power compensation and DC voltage regulation features and 

other power quality issues are covered too. 

The power quality deterioration is dramatically affected by harmonics, which are 

one of the most important challenges in the power system network. The harmonic 

pollution is a result of drawing harmonic currents from the distribution system, the 

non-linear loads are the main source of it. A variety of nonlinear loads have become 

largely used in residential and industrial domains. The domestic loads like, TVs, 

computers, uninterruptible power supply (UPS) equipments and battery chargers…etc, 

and industries like arc rectifiers, furnaces and welding machines etc.  

Also, the use of power electronic Chas been extended due to its achieved 

developments, but the use of power electronic devices that produce harmonics and 

distort the source current and voltage waveforms should be put under consideration 

too. These power electronics are considered as non-linear loads, such as variable-speed 

drives, light-emitting diode (LED) lamps, switch-mode power supplies and 

uninterruptible power supplies. [6] [7]. 

Thus, harmonic elimination is a serious concern in power systems. Passive filter 

(LC) and active power filters (APFs) have been proposed to eliminate harmonics in 

the distribution system.  LC filters are employed to filter out the undesirable harmonics 

produced by VSI; However, they cannot effectively mitigate the harmonics produced 

by the non-linear loads. APFs are designed for harmonic issues in power systems APFs 

thanks to its rapid response to the load variations. We distinguish two categories of 
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APFs, series APFs which are applied to fix harmonic problems for voltages, and shunt 

APFs which provide a better harmonic compensation for currents non-linear loads. [8] 

 The SAPF acts as a controlled current source connected in parallel with the non-

linear load, the control technique is used to compensate harmonic pollution along the 

power line caused by a three-phase diode bridge rectifier followed by passive load 

(RL).[9][10] The control strategy is known as pq theory which takes part in providing 

the APF with the reference signal, in order to generate the compensating load current. 

Two categories of APF have been employed in this report, the first is based on 

Classical 2-level 3-phase inverter while the other is based on Packed U-Cell 5-level 

three phase inverter. Both the inverters differ in topology, their strategies of control 

and performance. 

In this report, the project is presented in four chapters: 

• Chapter I: This chapter covers an overview about power generation that 

nowadays necessitates the conversion into renewable resources. In addition to the 

concept of power related problems which are briefly classified in this chapter. 

Harmonics in the main concern of this project, with quick description of the 

harmonic’s mitigation methods. 

• Chapter II: This chapter gives the needed background to understand the power 

circuit of the proposed system, providing detailed descriptions of the components 

involved in the Solar-AF.   

• Chapter III: An investigation into the adopted control strategies is conducted 

in this chapter such MPPT, voltage regulators and two different controllers for two 

different inverters. 

• Chapter IV: In this chapter, the simulation of Solar-AF with changeable modes 

of operation based on distinct inverters provides disparate results, where a comparison 

between the two is handled.  
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1.1 Introduction 

The deep integration of renewable energy resources particularly solar 
photovoltaic (PV), is dependent on low-cost technological improvements in 
worldwide emissions and precise power quality techniques. The Power quality (PQ) 
issues in power utility distribution systems are not modern, but their consequences 
have recently gained attention. 

The power electronics-based equipment which involve adjustable-speed motor 
drives, electronic power supplies, battery chargers, DC motor drives and electronic 
ballasts appear to be major causes of harmonic distortion in a distribution system, 
causing an increase in PQ-related issues. Harmonics have a variety of undesirable 
distribution system consequences. In grid-connected systems, several current and 
voltage harmonics affect the system performances.  

Passive filters (PFs) and active power filters (APFs) are effective solutions to 
several of these problems. The passive filtering is the simplest conventional solution 
to mitigate the harmonic distortion, however, PFs increase the cost, size, and weight 
of a high-power system. On the other hand, APFs have a number of advantages over 
the passive filters [11]. 

1.2 Electrical Power generation 

The apparent increase in demand for electricity in recent years has been related 
to quality measures of 1 and social economic progress. According to current forecasts, 
the global electrical energy consumption will keep rising [12]. Energy sector planning 
is becoming increasingly important to satisfy the requirement to grow power 
generation. 

On the other side, the socioeconomic scenario and critical environmental effects 
resulting from the development of large-scale conventional power plants, in addition 
to the usage of fossil-fuel-based energy sources which include coal, gas and oil have 
motivated governments and researchers around the world to search for advanced 
solutions and techniques to fulfill growing electricity demand. Electric energy 
generation from alternative and renewable sources has been regarded a viable method 
for increasing energy supply in this setting [13], and promote global energy 
diversification by combining electrical power system modernization, environmental 
aggression reduction and financial economics [14]. 

1.3 Power quality 

The Power Quality (PQ) has become a principal issue to electricity consumers 
at all levels of usage. The PQ issue is defined as “Any power problem manifested in 
voltage, current, or frequency deviations that results in failure or disoperation of 
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customer equipment”. The development of power electronics based equipment has a 
significant impact on quality of electric power supply. The switch mode power 
supplies (SMPS), dimmers, current regulator, frequency converters, low power 
consumption lamps, arc welding machines…etc, are some out of the many vast 
applications of power electronics-based devices. The operation of this loads generates 
harmonics, thus pollutes the modern distribution system. 

The growing interest in the utilization of renewable energy resources for electric 
power generation is making the electric power distribution network more susceptible 
to power quality problems. In such conditions both electric utilities and end users of 
electric power are increasingly concerned about the quality of electric power. Many 
efforts have been taken by utilities to achieve consumers requirement; some consumers 
require a higher level of power quality than the level provided by modern electric 
networks [15].  

1.4 Grid Connected PV System 

Grid connected PV systems in the world account for about 99% of the installed 
capacity compared to stand alone systems, which use batteries. Battery-less grid 
connected PV system are cost effective and require less maintenance. The generated 
power is uploaded to the grid for direct transmission, distribution and consumption. 
This eases the burden on other sources supplying power to the grid.  

The network consists of grid, load and PV array, which generates a certain 
amount of power. A DC/DC converter, which is also used as a power optimizer, is 
equipped with control functions such as Maximum Power Point Tracking (MPPT). 
The PV system is integrated to the grid by means of a DC/AC inverter. [16] 

 

 

Figure 1. 1 Grid connected PV system 

1.5 General types of Power Quality Problems 

Power quality (PQ) problems are presently among the highest concerns. The 

increased utilization of electronic devices and power electronics has caused a large 
change in electric loads. These loads are at once the main source and the main victims 
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of power quality issues. All these loads cause various types of disturbances in the 
voltage waveform due to their non-linearity. The purpose for categorizing power 
quality disturbances is the existence of many strategies to manage them depending on 
the specific variation in concern, and categorizing will also benefit in the 
implementation of the correct technique and analysis. 

The following are the most common types of Power Quality issues: 

 Voltage sag (or dip) : 

A decrease of the normal voltage level between 10% and 90% of the nominal 
rms voltage at the power frequency, for durations of 0,5 cycle to 1 minute [17].  

 

Figure 1. 2 voltage waveform during voltage sag 

 Interruptions: 

Short interruptions: Total interruption of electrical supply for duration from 
few milliseconds to one or two seconds [17]. 

Long interruptions: Total interruption of electrical supply for duration greater 
than 1 to 2 seconds [17]. 

 
Figure 1. 3 Voltage waveform during an interruption 

 Voltage spike: 

Very fast variation of the voltage value for durations from a several 
microseconds to few milliseconds. These variations may reach thousands of volts, 
even in low voltage [17].  
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Figure 1. 4 Voltage waveform during spike 

 Voltage swell : 

A temporary rise in voltage outside of usual limits at the power frequency, 
lasting more than one cycle and often less than a few seconds [17]. 

 

Figure 1. 5 Voltage waveform during swell 

 Harmonic distortion :  

Voltage or current waveforms assume non-sinusoidal shape. The waveform 
corresponds to the sum of different sinewaves with different magnitude and phase, 
having frequencies that are multiples of power-system frequency [17].  

 

Figure 1. 6 Voltage waveform during harmonics 
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 Noise: 

An unwanted electrical signal of high frequency from other equipment [17] .  

 

Figure 1. 7 Voltage waveform during noise 

 Voltage fluctuation : 

Oscillation of voltage value, amplitude modulated when device or equipment 
requiring a higher load are used [17]. 

 

Figure 1. 8 Voltage waveform during fluctuation 

 Voltage unbalance : 

A voltage variation in a three-phase system in which the three voltage 
magnitudes or the phase-angle differences between them are not equal. [17]  

 

Figure 1. 9 Voltage waveform during voltage unbalance. 

   1.6 Harmonics 

Harmonic source describes a load that returns normal power to the source at 

harmonic frequencies. [18] 
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Harmonics are produced as a result of voltage and current waveform distortion. 
A part of a waveform that is the integral multiple of the fundamental frequency is 
referred to as harmonics.  

1.6.1 Voltage and Current Harmonics 

The effects of voltage and current harmonics are distinct, yet they are also 
connected. Harmonic currents appear to be injected into the power system by non-
linear loads at the consumer end. As a result, they are sometimes considered as 
harmonic current sources. In addition to that the harmonic voltages are the 
consequence of harmonic current times the control system's linear impedances.  The 
voltage drops across the system resistances caused by the harmonic current passing 
through it results in voltage harmonics. Thus, voltage harmonics are a function of 
current harmonics and the power system's linear impedances.  Fig 1.10 shows a voltage 
waveform of peak value equal to the secondary distribution level i.e 220 V. Likewise, 
it also depicts the harmonics mechanisms with amplitudes of (1/3) to (1/5) and (1/5) 
to (1/7) of 220V and having the frequencies three, five and seven times the essential 
frequency correspondingly. Assuming the voltage harmonics are due to the passage of 
harmonic current through a system resistance. 

 

 

Figure 1. 10  Sinusoidal 50 Hz waveform with 3rd, 5th and 7th Harmonics. 
 

1.6.2 Harmonic Sources in Power System: 

In the electrical power system, sources of harmonics can be transformers, 
powerful motors and generators based on renewables, such as wind and solar energy, 
are connected in all voltage levels of the system and also inject current harmonics. 
HVDC power lines and their adjacent converter stations are considered as main source 
of harmonics, too. [19] 
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1.6.3 Harmonics effect 

Harmonics are extremely harmful to the remaining power system and the 
equipment connected to it. The following are the primary effects of voltage and current 
harmonics in the power system [18]: 

 The possibility of harmonic level amplification due to series and parallel 

resonances 

 Power factor degradation 

 Overheating of the phase and neutral conductors 

 Efficiency of the generators is reduced day by day due to harmonics 

 Eddy current and hysteresis losses in transformers 

 Overheating of the system components e.g. generators, motors and 

transformers …etc 

 Flow of additional current through power capacitors 

 Decrement in the useful lives of the incandescent lamps 

 Increase skin and proximity effects 

 Interference problem with telecommunication 

 Effects the relay protection system for the adverse effects of harmonics on the 

power system. 
It is the major demand of the today’s power system that these harmonics should 

be mitigated by appropriate designing of the filters either active or passive.  

1.6.4 Harmonics solution 

As mentioned before harmonics distortion becomes a modern concern due to the 
rapid development and the increase utilization of semiconductor material. In order to 
mitigate harmonics, effect many conventional and modern solution are proposed: 

1.6.4.1 Conventional solution 

Passive filtering techniques that employ single-tuned or band-pass filters are one 
of the most frequent ways for controlling harmonic distortion in industry. Passive 
harmonic filters can be designed as single-tuned elements that provide a low 
impedance path to harmonic currents at a punctual frequency or as band-pass devices 
that can filter harmonics over a certain frequency bandwidth. [20]. 

1.6.4.1.1 Passive Harmonic Mitigation Techniques 

Harmonic pollution in an electrical network can be reduced using a variety of 
passive techniques, including the use of series line reactors, tuned harmonic filters, 
and higher pulse number converter circuits such as 12-pulse, 18-pulse, and 24-pulse 
rectifiers. In these approaches, undesired harmonic currents are avoided from entering 
the system by either adding a high series impedance to block their flow or redirecting 
it through a low-impedance parallel channel. [21] 
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 Series Line Reactors 
The employment of series AC line reactors is a frequent and cost-effective means 

of raising the source impedance relative to a load, such as the input rectifier in a motor 
drive system. The harmonic mitigation performance of series reactors varies with load; 
nonetheless, when current through them decreases, their effective impedance 
decreases proportionally [22]. 

 

 Tuned Harmonic Filters 

A tuned LC and high-pass filter circuit are connected in series or parallel to 
provide a low-impedance path for a given harmonic frequency in passive filters (PF). 
The tuned frequency harmonic current is diverted away from the power source by 
connecting the filter in parallel or series with the nonlinear load. Harmonic filters 
remove a single harmonic frequency from the supply current waveform rather than 
attenuating all harmonic frequencies. 

The most efficient approach of reducing harmonic losses in the isolated power 
system has been found to be eliminating harmonics at their source. However, the 
higher initial cost of this approach implies is a deterrent. More daily expenses will 
build if the parallel-connected filter is connected farther upstream in the power 
network due to I2R losses in the conductors and other plant items that carry the 
harmonic currents. In contrast, there are increasing losses in the filter itself for series-
connected filters at the load. These losses are caused by the high series impedance, 
which blocks harmonics from flowing but increases line loss due to the flow of the 
remaining load current components [22, 23]. 

 Higher Pulse Converters 

Low frequency current harmonics are generated by three-phase, six-pulse static 
power converters, such as those used in variable speed motor drive (VSD). These are 
mostly the 5th, 7th, 11th, and 13th harmonics, with additional higher order harmonics 
present but at lower levels. Harmonics of the order 6k, where k = 1, 2, 3, 4… will be 
present in the supply current waveform with a 6-pulse converter circuit. AC-DC 
converters based on the multipulse concept, particularly 12, 18 or 24 pulses, are used 
in high-power applications to minimize harmonics in AC supply currents. They are 
referred to as a multipulse converters. To generate the appropriate supply current 
waveforms, they use either a diode bridge or a thyristor bridge, and a phase shifting 
magnetic circuit [24, 25–31].  

When adopting a multipulse converter, harmonics of certain orders are avoided; 
The 5th and 7th harmonics disappear from line current waveforms when utilizing a 12-
pulse system, leaving the 11th as the first to appear. The supply current waveform will 
only contain harmonics of the order 12k, where k= 1, 2, 3, 4…, resulting in a high-
power factor and low THD [32]. 
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1.6.4.2 Advanced techniques for harmonics mitigation 

1.6.4.2.1 Active filter 

  Active power filter based on injecting equal but-opposite current or voltage 
distortion into the network, thereby canceling the original distortion. Active harmonic 
filters (APFs) utilize fast-switching insulated gate bipolar transistors (IGBTs) to 
produce an output current of the required shape such that when injected into the AC 
lines, it cancels the original load-generated harmonics. To achieve pure sinusoidal 
wave in source (Grid) side. 

Also, it could be classified as parallel or series APF according to the circuit 
configuration 

 Parallel APF 

This is the most widely used type of APF (preferable than series APF in terms 
of form and function). As the name implies, it is connected in parallel to the main 
power circuit as shown in Figure 1.11. The load harmonic currents are cancelled out 
by the filter, in order to achieve pure sine wave in source side. Parallel filters have the 
advantage of carrying the load harmonic current components only and not the full load 
current of the circuit [33–38]. 

 

Figure 1. 11 Parallel APF. 
 Series APF 

The main circuit configuration for this type of APF is shown in Figure 1.12. The 
aim is to reduce voltage harmonic distortions and enhance the voltage quality delivered 
to the load. This is achieved by producing a sinusoidal pulse width modulated (PWM) 
voltage waveform across the connection transformer, which is added to the supply 
voltage to compensate the distortion across the supply impedance and deliver a 
sinusoidal voltage across the load. Series APF must carry the full load current 

increasing their current ratings and I2R losses compared with parallel filters, especially 
across the secondary side of the coupling transformer [37]. 
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Figure 1. 12 Series APF. 

1.6.4.2.2 Hybrid harmonic mitigation techniques 

As shown in figure1.13 hybrid connections of Series and Parallel APF are also 
employed to reduce harmonics distortion levels in the network, where the PF with 
fixed compensation characteristics is ineffective to filter the current harmonics. APF 
overcomes the drawbacks of the PF by using the switching-mode power converter to 
perform the harmonic current elimination. However, the APF construction cost in an 
industry is too high, its power rating is exceptionally large. These bound the 
applications of APF used in the power system. Hybrid filter (HF) topologies have been 
developed [39–44] to solve the problems of reactive power and harmonic currents 
effectively. When low-cost PF is used in the HF, the active converter's power rating is 
lowered when compared to APF.  

 

FIGURE 1. 13 Hybrid connections of active and passive filters. 

1.7 Conclusion 

At the end of the chapter, power quality relates to the constancy of the energy 
being consumed. Critical equipment can be damaged or malfunctioned because of 
power disturbances, including harmonics that originate within the power system. This 
can result in lower productivity as well as expensive repairs or replacement. 
Understanding power quality issues and mitigation techniques can help in the selection 
of an affordable system. The next chapter will cover the system description. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 02 

Modeling of Solar Active Filter 
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2.1 Introduction 

The proposed system presents a solar active power filter tied photovoltaic 

system, which is intended to perform current harmonic mitigation and maximum 

power extraction from PV source.  

The system combines photovoltaic array, boost DC-DC converter, DC link 

capacitor, DC-AC inverter, AC grid supply and nonlinear load which involves full 

bridge rectifier with passive loads. The DC-DC boost converter is controlled based on 

P&O algorithm for a maximum power point tracking (MPPT) method. Therefore, the 

PV array is responsible for producing the power to be integrated to the grid, and 

simultaneously feeding the inverter based SAPF. 

2.2 Structure of photovoltaic system 

PV systems are rated based on their PV modules (cells) maximum DC power 

output under Standard Test Conditions (STC). Standard Test Conditions include a 

module (cell) operating temperature of 25°C, incident solar irradiance of 1000 W/m2, 

and spectral distribution of Air Mass 1.5. Since these circumstances are not typically 

indicative of how PV modules and arrays behave in the field, real performance is 

usually about 85% of the STC rating. 

To reach larger voltages, currents, and power levels, photovoltaic cells are 

electrically connected in series and/or parallel circuits. Photovoltaic modules are the 

main components of PV systems, which are constructed of PV cell circuits sealed in 

an environmentally friendly laminate. In photovoltaic panels, one or more PV modules 

are structured as a pre-wired field-installable unit. [45] 

 

Figure 2. 1: photovoltaic cell, module and array 

2.2.1 PV cell 

Solar cells are devices in which sunlight is transformed directly into energy. 

Sunlight releases electric charges, allowing them to freely move in a semiconductor 

and eventually flow through an electric load. This process is known as photovoltaic 

effect. 

The most common semiconductor material used in solar cells is silicon. When 

the semiconductor is exposed to light, it absorbs the energy and converts it to 

negatively charged particles called electrons. This increased energy permits electrons 

to flow as an electrical current through the material. A simple PV cell diagram is 
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shown in Figure 2.2. The cell's efficiency in converting energy from one form to 

another is measured by the ratio of electrical power produced by the cell to the energy 

released by the shining light. 

 

Figure 2. 2: Basic operation of a photovoltaic cell diagram 

To model the PV cell, a double and single based equivalent circuit are widely 

used as shown in Figure 2.3. The shunt and series resistances Rsh and Rp are the internal 

resistances of the PV Cell. 

 
a)                                                                               b)  

Figure 2. 3: a) Double and b) single diode models equivalent circuits 

The current IPV generated by the PV cell, can be computed by: 

For single diode model: 

IPV = IPh − ID − Ish         (2.1) 

For double diode model: 

IPV = IPh − ID1 − ID2 − Ish       (2.2) 

Where ID, ID1 and ID2 can be computed by: 

ID = IS (e
(

VPV+IPVRS
VT

)
− 1)       (2.3) 

And: 

𝐼𝑃𝐻 = 𝐴𝑃ℎ × 𝐽𝑆𝐶 ×
𝐺

𝐺𝑠ℎ
        (2.4) 

Where: 

VPV: Output voltage across the PV cell. VT: Thermal voltage = AKT/q.  

IPV: Output current across the PV cell. A: Diode ideality constant.  

Iph: Total photon current of the PV module. K: Boltzmann’s constant.  

Rsh: Shunt resistor. q: The charge constant.   

RS: Series resistor. IS: Diode saturation current.   

Aph: Area of PV cell. G: Solar irradiation data.   

JSC: Short-circuit current density. GSh: Shaded solar irradiation data.   

The current vs. voltage (I-V) and power vs. voltage (P-V) characteristics 

obtained for a single PV cell is shown in Figure 2.4. Knowing the electrical I-V 

https://www.intechopen.com/chapters/75972#F1
https://www.intechopen.com/chapters/75972#F2
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characteristics of a solar cell, or panel is critical in determining the device’s output 

performance and solar efficiency.[46] 

 

Figure 2. 4: Current vs voltage (I-V) characteristics of PV cell and power vs voltage 

(P-V) characteristics of PV cell. 

2.2.2 PV module 

A single solar PV cell produces a relatively small quantity of power, ranging 

from 0.1 to 2 watts. However, using such a low-power device as a system building 

block is not practical. Several PV cells must be connected to increase the output power 

of a PV system. A solar module is generally composed of a sufficient number of solar 

cells connected in series to generate the necessary output voltage and power.  Because 

a solar cell's typical output voltage is around 0.5 V, if 36 of them are connected in 

series, the module's output voltage will be 0.5×36 = 18 Volt. The power output of a 

single solar module can range from 3 to 300 watts. As a result, the necessary number 

of such cells are assembled to make a commercially viable solar module, also known 

as a PV module. 

 

Figure 2. 5: Series connected PV cells 

2.2.3 PV array 

A single photovoltaic panel or module cannot provide enough solar energy for 

wide usage. A PV array is a complete energy-generating system formed by different 

numbers of PV module panels. Since PV array is connected, the PV module can 

function and produce power. 

Consequently, A photovoltaic array is a collection of solar panels that have been 

electrically connected to make a much bigger PV system. The greater the array's 

overall surface area, the more solar power it will produce. By connecting many single 

PV panels in series; for a higher voltage requirement, and in parallel; for a higher 

current requirement, the PV array will produce the desired power output. The panels 
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in an array can be electrically connected in either a series, a parallel, or a mixture of 

the two.  

 

Figure 2. 6: Connections of solar panels (modules) 

2.3 Maximum power point of solar array 

At its STC, if we draw the V-I characteristics of a solar cell, the maximum power 

will appear at the bend point of the characteristic curve. The maximum electrical power 

the solar array can deliver is shown in the V-I characteristics of solar cell by Pm. 

 
Figure 2. 7: V-I characteristics of PV array 

 In the V-I characteristics of a solar cell, Im represents the current at maximum 

power point, while Vm represents the voltage at which maximum power occurs. 

 

2.3.1 Effect of solar irradiance and temperature on photovoltaic array 

Temperature, solar irradiation, dust accumulation, wind speed, PV array 

configuration, tilt angle and shading pattern all have an impact on the amount of power 

extracted from the PV array. Generally, variations in solar irradiance and temperature 

will be recognized as the most important influencing elements for PV generating 

systems.  

https://www.electrical4u.com/electric-power-single-and-three-phase/
https://www.electrical4u.com/solar-cell/
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2.3.1.1 Effect of solar irradiation on characteristic curves 

The term irradiance refers to the measurement of the power density of sunlight 

received at a certain area on the earth, it is measured in W/m2. The total irradiance of 

typical solar spectrum on the earth surface on a clear day is 1 kW/m2.[47] However, 

the availability of the irradiance is variable, and is usually considerably less than 

1kW/m2 due to the rotation of the earth and the weather condition. 

The solar irradiance effect on electrical characteristics of PV module is simulated 

under solar irradiance of 200 W/m2, 400 W/m2, 600 W/m2, 800 W/m2, 1000 W/m2 

and constant temperature. The current-voltage characteristic of PV module in the 

Figure 2.8 shows that under constant temperature with the increasing solar irradiance 

both the open circuit voltage and the short circuit current increases and therefore the 

maximum power point varies. Hence, the higher the irradiance, the greater the output 

current, and as a result, the greater the power generated.  

 

Figure 2. 8: I-V characteristics for different irradiation values 

2.3.1.2 Effect of solar irradiation on characteristic curves 

The temperature is one of the most important factors affecting the amount of 

power we get from a solar system. When solar panels absorb sunlight, their 

temperature rises because of the sun’s heat. Although the amount of sunlight 

absorbed by a solar cell is unaffected by temperature, the amount of power produced 

differs.  

Under constant solar irradiance and temperatures of -25oC, 0oC, 25oC, 50oC, and 

75oC, the effect of temperature on the electrical characteristics of PV arrays is 

simulated. Figure 2.9 illustrates the current-voltage curve. 

By varying the temperature, the open circuit voltage and short circuit current of 

PV module will be influenced significantly and slightly, respectively. The maximum 

point power follows the changes of open circuit voltage and short circuit current. The 

raise in temperature causes the maximum power of PV module to decrease, while 

colder temperatures increase the voltage of solar cells and consequently the 

maximum power improves. 
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Figure 2. 9: I-V Characteristics for different temperature values 

 

2.3.2 Maximum Power Point Tracking (MPPT) 

Maximum power point tracking is a controller algorithm that extracts the 

maximum possible power from a PV module under specific situations. Several 

algorithms of maximum power point tracking (MPPT), such as perturb and observe 

(P&O), incremental conductance (IC), and hill-climbing (HC), have been proposed. 

 Due to its accuracy in obtaining the maximum power point in a short time with 

a simple implementation, the perturb and observe (P&O) method is a popular MPPT 

technique with a simple implementation. [48]. The DC-DC boost converter is to be 

controlled in this work to ensure MPPT. The duty cycle of the boost converter is 

decided by comparing the DC link voltage with the PV output voltage generated by 

MPPT algorithm. 

2.4 Boost Converter 

2.4.1 Overview of Boost Converter 

The presented system is a double stage grid connected PV system; it consists of 

P&O based boost converter to extract the greatest PV power. Across a PV inverter, a 

DC-DC boost converter is used to connect the solar generator to the grid. 

The system connected to grid consists of PV array, followed by the boost 

converter to raise the voltage to the desired voltage level and perform with maximum 

power tracking. Based on the MPPT control method, the boost converters drain energy 

from PV arrays and feed the DC bus capacitor. A boost converter is a DC/DC switch 

mode power supply that is needed to increase (or boost) the input voltage of DC supply 

(PV array) to a stabilized higher output voltage. 

It consists of inductor, semiconductor switch (MOSFET), diode and capacitor. 
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Figure 2. 10: Boost Converter 

2.4.2 Working of DC-DC Boost Converter 

Using the knowledge above, we can go through the working of the boost 

converter step by step. The simplified circuit diagram below indicates the current flow 

across the circuit during the boost converter's switching states. 

 

Figure 2. 11: Current flow across boost converter according to the switching states 

 

Step 1: 

Here the switching device (S1) is opened, the input voltage (Vin) minus one diode 

drop is used to charge the output capacitor (C1). 

Step 2: 

When the switch (MOSFET) is turned on, the inductor (L1) diverts all the current 

from the source to the MOSFET. Since the inductor slows the current ramp up, the 

power source is not immediately short-circuited. 

Note that as the output capacitor cannot discharge through the presently back-

biased diode, it remains charged. 

Step 3: 

When the MOSFET is switched off, the current to the inductor is suddenly 

stopped. The inductor's nature is to keep the current flowing smoothly; it prevents 

sudden changes in current. Using the energy stored in the magnetic field, it generates 

a large voltage with opposite polarity to the voltage previously fed to it. The inductor 

now acts like a voltage source in series with the supply voltage. This means that the 

anode of the diode is now at a higher voltage than the cathode and is forward biased. 
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Eventually, the output capacitor is charged to a higher voltage than before (in step 1), 

which ensures that the DC voltage has been successfully boosted to a higher one.[49] 

 

The boost converter is controlled using MPPT (P&O) method to achieve the 

MPP by varying the PV panel output voltage. A PI controller compares the actual dc-

link voltage with the reference provided by the P&O MPPT technique in order to 

establish the dc-link voltage. Figure 2.2 demonstrates a PV DC-DC boost converter 

with MPPT. 

 

Figure 2. 12: DC-DC boost converter with MPPT 

The relationship of the converter output voltage Vdc-link to its input voltage VPV 

and the duty ratio D of the MOSFET are expressed by Equation (2.5) [50].  

𝑉𝐷𝐶𝑙𝑖𝑛𝑘
=

𝑉𝑃𝑉

1 − 𝐷
 

(2.5) 

The DC converter output depends on its input voltage and MOSFET duty ratio. 

The ratio is modulated in form of a PWM switching signal and fed to the gate of the 

MOSFET.  

To allow the converter to work in continuous current mode, the inductor, 

capacitor, and switching frequency need all be appropriately chosen. This setting keeps 

the minimum inductor current above zero and the output current ripple to a minimal 

[51]. Therefore, the minimum value of the required inductor Lmin is described by: 

𝐶 =
𝐷𝑉𝑜

𝑅𝑓∆𝑉𝑜
 

(2.6) 

𝐿𝑚𝑖𝑛 =
𝐷(1 − 𝐷)2𝑅

2𝑓
 

(2.7) 

The input DC link capacitor C, which determines the peak-to-peak voltage 

ripple, is selected based on: 

𝐶 =
𝐷𝑉𝑜

𝑅𝑓∆𝑉𝑜
 

(2.8) 

where ∆Vo is peak-to-peak voltage ripple of the capacitor voltage 
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2.5 DC Link Capacitor & Voltage 

The DC voltage fed by the boost converter into the inverter is called the DC link 

voltage, this voltage is measured across a DC-link capacitor. The DC-link capacitor, 

as its name indicates, connects these two devices and is connected in parallel to reduce 

the effects of voltage changes. The DC-link capacitor is chosen to limit the ripples in 

the DC-link voltage, the selection of its value depends on the desired voltage and 

current ripples. it is derived as [52]:  

𝐶𝑑𝑐  =  
𝐼𝑑𝑐

2𝜔𝑉𝑑𝑐𝑟
                                (2.8)  

where Idc is the current through the capacitor taken equal to the MPP current, ω 

is the nominal grid frequency, and Vdc is the permissible voltage deviation (such as 

3% of the nominal value)  

2.6 DC-AC Inverter 

In a solar energy system, an inverter is one of the most crucial components. It is 

the interconnection of a solar renewable energy system with the grid at the distribution 

level.  

An inverter converts the DC voltage, which is what a PV array generates, to an 

AC voltage equals to the grid supply voltage and at the same frequency, this is 

achieved using controlled switching devices such as MOSFETs, which are 

continuously turned on and off, and by which the grid interfacing inverter gets 

additional responsibilities of shunt active power filter in our system. 

2.6.1 Classical Two-Level Inverter 

The two-level three-phase voltage source inverter is extensively being used due 

to its simple structure, such as in motor drives and active filters to generate controllable 

frequency and ac voltage magnitudes using various pulse width modulation (PWM) 

control strategies as illustrated in Figure 2.12. 

 

Figure 2. 13: Two-level three-phase inverter 

The inverter has eight switch states given in Table 2.1. both switches in the same leg 

cannot be turned ON at the same time, as it would short the input. Thus, the relationship 

of switches S11, S21 and S31 with S12, S22 and S32, respectively, is complementary. [53] 
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Table 2. 1: The switching states in a two-level three-phase inverter. 

 

 

 

 

 

 

Where, the line-to-line voltage are obtained as in Eq (2.6): 

𝑉𝑎𝑏 = 𝑉𝑎𝑛 − 𝑉𝑏𝑛 

𝑉𝑏𝑐 = 𝑉𝑏𝑛 − 𝑉𝑐𝑛        (2.9) 

𝑉𝑐𝑎 = 𝑉𝑐𝑛 − 𝑉𝑎𝑛 

2.6.2 Packed U-Cell 5-level inverter (PUC5) 

PUC inverter has been first introduced by Al-Haddad as a 7-level topology [54]. 

It includes six active switches, one isolated DC supply and one DC capacitor as second 

DC source, which is shown in Figure 2.13. It has a promising feature of generating 

multi-level voltages using single-DC-source and at reduced number of components 

comparable to other topologies, thanks to the auxiliary capacitor which should be 

voltage controlled. [55] 

The less switches there are, the lower power losses, the fewer gate drives, the 

less distortion there is, and the cheaper the system cost. Therefore, it could explain that 

the PUC advantage is to decrease the load voltage harmonics by dividing the DC bus 

voltage in multi levels. This procedure reduces the required filters size at the inverter’s 

output. 

 
Figure 2. 14: Single-phase PUC Inverter 

S11 S21 S31 Vab Vbc Vca 

0 0 0 0 0 0 

0 0 1 0 -VDC VDC 

0 1 0 -VDC VDC 0 

0 1 1 -VDC 0 -VDC 

1 0 0 VDC 0 -VDC 

1 0 1 VDC -VDC 0 

1 1 0 0 VDC -VDC 

1 1 1 0 0 0 
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To have 5 level at the output voltage waveform, the capacitor voltage (V2) should 

be half of the DC bus voltage V1 (V1=2V2), so the output voltage levels would be 

0, ±V2, ±2V2. [56] The output voltage levels of the single-phase inverter topology of 

Figure 2.13 are listed in Table 2.1 under voltage Van. 

The single-phase PUC converter topology depicted in Figure 2.13 consists of six 

switches labeled SX where x=1,2,3,4,5,6, one capacitor and one isolated DC source 

[57]. As it is clear, the PUC inverter cannot produce voltage level more than the DC 

bus voltage amplitude which is its prominent limitation. It should be noted that 

switches S4, S5 and S6 are working in complementary of S1, S2 and S3, respectively, so 

each pair of (S1, S4), (S2, S5) and (S3, S6) cannot conduct simultaneously. 

The output voltage can be defined as: 

𝑉𝑎𝑛 = 𝑉𝑎𝑏 + 𝑉𝑏𝑐 + 𝑉𝑐𝑛 () 

Table 2. 2: Switching States and Voltage Levels of the PUC Inverter 

State S1 S2 S3 Van Capacitor Voltage 

1 1 0 0 V1 No Effect 

2 1 0 1 V1-V2 Charging 

3 1 1 0 V1 Discharging 

4 1 1 1 0 No Effect 

5 0 0 0 0 No Effect 

6 0 0 1 -V1 Discharging 

7 0 1 0 V2-V1 Charging 

8 0 1 1 -V1 No Effect 

All of the switching states, output voltage levels, and capacitor voltage variation 

( V2 ) of PUC5 converter are listed in Table I. The values of 1 and 0 represent ON 

and OFF states of power switch SX. As presented in Table I, there are eight switching 

states to generate five staircase voltage levels in PUC5 converter. Hence, there are 

several redundancy switching states to provide balanced capacitor charging and 

discharging period to generate three voltage levels of -V2 , 0 , and +V2 . Using the 

presented method in [58], the capacitor is charged during positive half cycle and 

discharged in negative half cycle of the output voltage waveform. Hence, the charging 

and discharging of capacitor is balanced in each output voltage fundamental period. 

Therefore, the capacitor size strongly depends on the load current, PF and fundamental 

frequency. Moreover, due to the fact that the capacitor is charged and discharged at 

low frequency, the capacitor size is large[59].  
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Figure 2. 14: PUC5 configuration, switching states and conducting paths 

2.7 Synchronization 

Certain parameters must be regarded while connecting two power systems. 

Synchronizing is the process of connecting two AC power sources in an electrical 

power system with the least amount of disruption We can connect different power 

systems by using a circuit breaker. In order to connect two power systems 

certain factors must be considered like the magnitude of the voltage must be the same, 

both the voltages must be in phase, and the frequencies should be equal. Collectively, 

matching of frequency and voltage is called synchronization [60]. 

It is important to estimate the grid voltage phase angle and frequency properly 

and precisely inside the grid-connected converter control algorithm in order to 

establish synchronization, besides separate management of active and reactive power 

flow between the converter side and the grid. Phase locked loop (PLL) and the p-q 

theory are among the most important control techniques for synchronization between 

a grid-tied system and the utility grid. 

2.8 Non-Linear Loads 

In a power system, a nonlinear load is defined by the introduction of a switching 

action and, as a result current interruption. This behavior generates current with 

various components that are multiples of the system's fundamental frequency, known 

to cause serious problems in electric power systems. Harmonics is the name for these 

components. The second order harmonic of a fundamental power frequency of 50 Hz 

is 100 Hz, the third order harmonic is 150 Hz, and so on. Some examples of nonlinear 

loads are computers, fax machines, printers, PLCs, TVs and electronic lighting ballasts 

[61]. 

https://automationforum.co/what-are-the-types-of-faults-in-a-power-system/
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The most challenging Power electronics devices are used in nonlinear loads, 

such as phase regulated thyristor bridges, insulated-gate bipolar transistors (IGBTs), 

and diodes as in bridge. All these devices produce harmonic current distortion, which 

distorts the applied AC voltage waveform [62]. 

Consequently, the recent increase in the utilization of non-linear (NL) loads has 

caused major harmonics and reactive power difficulties in electrical energy 

distribution networks. To address these issues, harmonic and reactive power 

adjustment is necessary to improve power quality [63]. 

2.9 Filters 

Power rectifiers are widely applied in a variety of industrial applications for 

supplying DC power to many types of loads. These rectifiers behave as nonlinear 

loads, injecting harmonic currents into the AC main source, impacting negatively on 

both the utility grid and the load. As is mentioned in the previous chapter, the growing 

number of harmonic mitigation techniques are now available, including L passive 

filter and active power filter (APF). 

2.9.1 L Passive Filters  

Capacitors, inductors, and resistors are often used in passive harmonic filters. A 

passive filter can be connected in series, parallel or hybrid. To reduce harmonic 

distortion, the filter L parameters are appropriately set to make the circuit resonance 

at a specific frequency. Passive filters are considered as one of the cheapest ways of 

mitigating harmonics [64]. 

Filters are named according to the frequency range of signals that they let pass 

through while blocking the rest, where:  

• Low pass filter only allows low frequency signals from 0Hz to its cut-off frequency, 

while blocking those any higher. 

• High pass filter only allows high frequency signals from its cut-off frequency to 

infinity to pass through, while blocking those any lower. 

• Band pass filter allows signals falling within a certain frequency band to pass 

through, while blocking frequencies out of this frequency band.  

Filters are also classified by their order, the order of a passive filter is an integer 

number, is determined by the number of used elements, also called the number of 

poles. In general, the higher the order of the filter, the more closely in approximates 

an ideal filter and the complex the circuitry required to construct it.  

 

Figure 2. 15: First order low pass filter and second order low pass filter 
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Figure 2. 16: Frequency response of 1st order and 2nd order low pass filter 

2.9.2 Active Power Filters (APF) 

A growing concept in the domain of grid-connected PV systems is to give the 

grid interfacing inverter the extra responsibility of active power filtering. The 

operation of active filters requires the use of an external power source. Passive 

components such as resistors and capacitors are also included, except inductors. It 

features a modest size and a compact design. 

In this system, a device comprising an inverter and a solar panel is known as 

active power filter (APF), it is integrated into a system of three-phase power source 

and nonlinear load. Three configurations of APFs have been mostly adopted: series, 

shunt and hybrid. 

The series active filter is connected through a coupling transformer and injects a 

compensating voltage component in series with the supply voltage to eliminate the 

voltage harmonics. 

A shunt active filter (SAPF) is designed to detect the harmonic components of 

the load current and to inject compensating current to nullify the effect of harmonics 

at the point of common coupling.  SAPF injects a current that opposes the harmonic 

current emitted by the load to mitigate the effect of harmonics currents and reactive 

power, so that the delivery of the current by the power source remains sinusoidal. 

The hybrid connection is a combination of shunt and series configurations of an 

active filter and passive filter. 

 

a) Series active power filter                               b)  Shunt active power filter 

Figure 2. 17 Active filters 
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2.10 Conclusion 

In this chapter, the main devices and components used in the power circuit 

modeling of the Solar-AF have been discussed, passing through the photovoltaic 

power generation, maximum power extraction, DC-AC inversion and active filtering. 

The next chapter will cover the control strategies of the system.  
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3.1 Introduction 

The proposed Solar-AF is capable of peak power extraction from a photovoltaic 
(PV) array along with harmonics currents elimination, reactive power compensation, 
grid currents balancing and adaptive DC link voltage control. In the control system 
that is in use, the DC-DC converter control necessitates PV array voltage and PV 
current as inputs, while VSIs control needs grid currents, load currents, PCC voltages 
and the DC link voltage for the estimation of reference grid currents in proposed 
technique. 

The based Solar-AF controllers of both 2-level classical and 5-level packed U-
cell (PUC5) inverters are presented in this chapter. 

3.2 PQ Theory 
One of multiple ways that can be utilized in control active filters is the p-q theory 

[65]. It has several impressive features, including: 
- It's a three-phase system theory. 
- It works with any three-phase system (balanced or unbalanced, with or without 

harmonics in both voltages and currents). 
- It is based on real-time values, which allows for exceptional dynamic 

responsiveness. 
- Its computations are simple and direct (it only includes algebraic expressions 

that can be implemented using standard processors). 
- It supports two control strategies: constant instantaneous power supply and 

sinusoidal current supply. 
The p-q theory consists of an algebraic transformation (Clarke transformation) 

of three-phase voltages and currents in the a-b-c coordinates to the αβ0 coordinates 
(Figure 3. 1), followed by the calculation of the p-q theory instantaneous power 
components expression.

 
Figure 3. 1: Calculations for the constant instantaneous supply power control 

strategy 
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)3.1 ( 

If the system is three-phase with three wires, there are no zero sequence current 
components (no neutral conductor), so i0 can be removed from the above equations, 
simplifying them. The current analysis will concentrate on three-wire systems. As a 
result, there is no zero-sequence voltage or current [66]. 

In this situation, the real and imaginary powers are given by: 

 

(3.2) 

: mean value of the instantaneous real power, corresponds to the energy per 

time unity which is transferred from the power supply to the load, through the a-b-c 
coordinates, in a balanced way (it is the desired power component). 

: alternated value of the instantaneous real power. It is the energy per time 

unity that is exchanged between the power supply and the load, through the a-b-c 
coordinates.  

q: the instantaneous imaginary power, equal to the conventional reactive power 
(q = 3⋅V⋅I⋅sinφ).   

p0 = zero-sequence power.  

 
Figure 3. 2: Compensation of power components ,q,  and  in a-b-c 

coordinates 

 

The reference compensation currents in α-β-0 coordinates can be calculated from 
the following: 

(3.3) 
  

p

p

p 0p 0p
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In order to obtain the reference compensation currents in the a-b-c coordinates 
the inverse of the transformation given in Eqs (3.4) and (3.4) is applied:  

(3.4) 

 
(3.5) 

 
 

 
The calculations presented so far are synthesized in Figure 3.3 and correspond 

to a shunt active filter control strategy for constant instantaneous supply power. This 
approach, when applied to a three-phase system with balanced sinusoidal voltages, 
produces the following results:  

- the phase supply currents become sinusoidal, balanced, and in phase with the 
voltages. (In other words, the power supply “sees” the load as a purely resistive 
symmetrical load). 

- the neutral current is made equal to zero (even 3rd order current harmonics are 
compensated). 

- the total instantaneous power supplied. 
To generate the harmonic reference currents, the AC component ( ) of the 

active power and the total reactive power (q) are required. The shunt active power filter 
takes a small amount of real power (Ploss) from the three-phase AC source or an 
external power supply to recompose the voltage source inverter switching losses and 
to maintain the DC-link voltage at the desired level. Therefore, the AC component         
( ) of the active power is measured as in Equation (3.6) [67] 

 
(3.6) 

 

3.3 Classical three phase Inverter (2-Level) 
3.3.1 p-q Modified Power Injection 

In addition to harmonics mitigation, we are going to inject active power from the 
PV array that will be connected to the inverter through a boost converter, therefore we 
need a certain feedback signal to force control circuit to include power in its output 
along with harmonics.  

The chosen signal is the power calculated from the PV array output as 
demonstrated expression (3.8) which should be added to reference active power p* 
(negative sign “- Ppv”) as shown in Figure 3.3.  

 (3.7) 

p

p

lossp P p p  

PV pv pvP V I 
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Figure 3. 3: p-q modified power injection 

3.3.2 Voltage Regulator: 

The energy should be injected into the AC source is controlled by the signal 
Ploss appropriately eq (3.8). where the DC bus voltage regulator determines the 
amount of generated power [68]. 

The difference between DC reference and bus voltages passes through a PID 
controller and then it is added to the power calculated by p-q theory. As presented in 
Figure 3. 3 then if overvoltage is obtained, PID sends an appropriate positive signal to 
decrease the generated power until reach the specified reference voltage, and the vice 
versa.  

 
(3.8) 

e
loss P e I e D

dv
P K v K v dt K

dt
    

 

(3.9) 

To achieve DC bus stability, the entire procedure is processed withing fractions 
of a second. 
3.3.3 Hysteresis Current Controller (HCC) 

Hysteresis control schemes are based on a nonlinear feedback loop with two 
level hysteresis comparators, it makes sure that sensed grid currents follow reference 
grid currents. As is explained in Figure 3. 4 [69]. The switching signals S1 and S2 are 
produced directly when the error exceeds an assigned tolerance band HB. such that: 

 If isa
error<HB, the upper switch S1 is off and the lower switch S2 is on. 

 If isa
error>HB, the upper switch S1 is on and the lower switch S2 is off. 

Note that the upper band and the lower band differ by 2HB, 
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The hysteresis controller is used to force the inverter current to track the 
reference current within the hysteresis band. The inverter currents are sensed 
instantaneously and compared with the reference currents and switching pulses are 
generated using HCC for switching on and off the IGBT of the inverter. If the inverter 
current crosses the upper hysteresis limit, the switch in the upper switch in the inverter 
arm is turned off and lower switch is turned on. The upper switch is switched on and 
the lower switch is turned off if the inverter current falls below the lower hysteresis 
limit. 

 
Figure 3. 4: Description of the hysteresis controller 

3.3.4 Active and Reactive Power Flow 

An important aspect related to the PV system connected to the electric grid is 
that it can operate as both active power generator and reactive power compensator. 
The DC-AC inverter's control method ensures proper power transmission and 
regulation between the AC source and Solar AF. Figure 3.6 illustrates the system's 
active and reactive power flow [70]. The load is absorbing the active power (PLs) and 
reactive power (qLs). Operation of the proposed system can be divided into daytime 
and nighttime operation modes.  

In the daytime mode, if the Solar AF starts to inject active power (pf), clearly the 
active power supplied by the AC source Ps will decrease. When the PV power is greater 
than the load demand throughout the system, the excessive power of PV will be 
injected to the AC source. If the available PV power is insufficient for load, the AC 
grid will supply the rest to the load. In the nighttime mode, Pf is equal to zero and the 
load will be totally supplied by the AC source.  

In both modes, the reactive power of AC loads must be compensated by APF. If 
|qf| is equal to |qLs|, then the source power factor can be kept equal to unity under 
different load conditions. 
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Shortly, we have:  
PLs =Pf + Ps* 

and  
Pf = Pdc = Ppvs       
Also: 
|qLs | = |qf | and qs = 0  

 
 
 
 
 
 
 
 

 
 

3.4 Perturb & Observe (P&O) 
In this thesis, the boost converter is used to ensure the transfer of the maximum 

power delivered by the PV generator to the load. 
The module voltage is perturbed on a regular basis, and the output power is 

compared to the preceding perturbing cycle. As seen in Figure 3. 5, on the left side of 
the MPP, when the voltage increase (decreases) the power increases (decreases), while 
on the right side of the MPP when the voltage increases (decreases) the power 
increases (increases). As consequence, in order to obtain the MPP, the perturbation 
direction must remain constant as the power is increased. Whereas it is reversed if the 
power is reduced. 

 
Figure 3. 6: Workflow of P&O algorithm in P-V characteristics 

 

This strategy essentially searches for a difference in PV cell power(dP) and then 
a change in PV cell voltage (dV). D is perturbed as a function of the obtained values. 

According to  
ௗ௉೛ೡ

ௗ௏೛ೡ
 the actual point can be located as follows: 

ௗ௉೛ೡ

ௗ௏೛ೡ
= 0, At MPP  

ௗ௉೛ೡ

ௗ௏೛ೡ
> 0, Left side of MPP  

Figure 3. 5: Active and reactive power flow of system 
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ௗ௉೛ೡ

ௗ௏೛ೡ
< 0, Right side of MPP  

P&O's advantages include excellent tracking capabilities, as well as a simple and 
quick dynamic oscillation around the MPP [71]. Figure 3. 6 shows the flowchart of 
P&O technique.  

 
Figure 3. 7: Flowchart of P&O algorithm 

 

3.5 Packed U-Cell Three Phase Inverter (5-Level) 

 The three-phase PUC5 is simply derived by connecting three single-phase 
PUC5 as shown in Figure 3.7. In every leg the capacitors must be controlled in such a 
way that to maintain Vbus = 2 Vaux. Instead of having one DC bus, A PV array 
connected to each phase of the three phases PUC5 inverter at Vbus through DC/DC 
boost converter, with the help of an auxiliary capacitor which should be voltage 
controlled so that the system benefits from a low THD rate. 
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Figure 3. 8: PUC5 Three Phase Inverter Topology 

3.5.1 Model Predictive Control (MPC) 

Among the advanced control techniques, that is, more advanced than standard 
PID control, MPC is one that has been successfully used in industrial applications. In 
general, MPC is an advanced and effective strategy to control the power converters. it 
is based on the mathematical model of the studied system in order to predict the future 
behavior of the controlled variables [72,73].  

The proposed predictive control strategy is based on the fact that only a finite 
number of possible switching states can be generated by a static power converter and 
that models of the system can be used to predict the behavior of the variables for each 
switching state. For the selection of the appropriate switching state to be applied, a 
selection criterion must be defined. This criterion consists of a cost function that will 
be evaluated for the predicted values of the variables to be controlled. Prediction of 
the future value of these variables is calculated for each possible switching state and 
then the state that minimizes the cost function is selected. 

The flowchart of the proposed MPC applied to PUC5 inverter is shown in 
Figure 3.8. Using the measured values of the filter current if , the grid voltage Vs, the 
filter reference current if_ ref estimated from the pq theory, the DC bus voltage (Vdc1), 
and the capacitor voltage (Vdc2), the predicted value of filter current if (k +1) is 
calculated for all switching states cases; the predicted voltages are also calculated for 
the switching states which has an effect on capacitor voltage (charging or discharging), 
otherwise, the predicted capacitor voltages remain the same in the other states. 

Moreover, a cost function is evaluated in order to compute the optimal value 
which is applied during the next sampling time. The corresponding switching pulses 
are generated according to the selected state from switching Table 3.1. 
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Table 3. 1: Switching states and voltage levels of the MPUC5 Inverter. 

Switching state (x) 𝑆௔  𝑆௕  𝑆௖  𝑆௔̅ 𝑆௕̅ 𝑆௖̅ 
Voltage levels generated 
by PUC5 (Vin) 

State 1 0 1 0 1 0 1 Vin=-2E 
State 2 1 0 1 0 1 0 Vin=+2E 
State 3 1 1 1 0 0 0 Vin=0 
State 4 0 0 0 1 1 1 Vin=0 
State 5 0 1 1 1 0 0 Vin=-E 
State 6 1 1 0 0 0 1 Vin=-E 
State 7 0 0 1 1 1 0 Vin=+E 
State 8 1 0 0 0 1 1 Vin=+E 

In order to reduce the computation burden, two variables S1 and S2 are 
introduced to simplify the use of switching states Sa, Sb and Sc. They are calculated 
by using Eqs (3.10) and (3.11) [74]. 
S1=Sa-Sb (3.10) 
S2=Sc-Sb (3.11) 

 
The voltage vector generated by the 5-level MPUC inverter can be calculated 

as follows: 

Vin=S1.Vdc1+S2.Vdc2 

  

 

(3.12) 

The two DC voltages are given as: 
 

 

(3.13) 
(3.14) 

 
Where C is the DC link capacitor. 
 The cost function g is derived as Eq(3.15) 

 (3.15) 

 
Where λ is the weighting factor, if_ref(k) and if (k+1) are the reference and future 
behavior of filter current respectively, Vdc1(k+1) and Vdc2(k+1) are the future 
behavior of DC voltages. 
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Figure 3. 9: Flowchart of the proposed MPC 

3.5.2 Active and Reactive Power Management 

The typical controller designed to control the amplitude and phase-shift of is 
results in delivering active power and exchanging reactive power desirably with the 
grid by means of PUC5 inverter. 

In this purpose, the instantaneous power theory known as pq theory (also 
discussed previously in this chapter, Figure 3.3) this theory uses the Clarke 
transformation of currents and voltages to calculates the instantaneous active and 
reactive power and that flows through a three-phase system. The calculated active and 
reactive powers p and q of the nonlinear load can be separated into average parts and 
oscillating parts. The compensating powers (Posc and q) are negated in order to affirm 
that the APF generates a compensating current that produces exactly the inverse of the 
undesirable powers drawn by the nonlinear load. 
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Figure 3. 10: Blocks Diagram of PQ Reference Current Measurement And MPC 
 
 
After that, using the inverse Clarke's transformation (αβ to abc) the current 

reference signal (if_ref) that should be generated by the PUC inverter is obtained, and 
is ready to be sent to MPC to create the switching pulses. 

 

3.5.3 Modified pq theory for three-phase PUC5 inverter: 
To attain best voltage regulation and accurate power injection we proposed some 

modifications to pq theory diagram: 
- The PV power measurements are summed together and called Ppv, therefore, 

the total Ppv power will be considered in reference power calculation. 
- In order to regulate DC voltages of the inverter legs we have used the same 

technique as previous with slight modification, since we have three DC 
buses, we have used three PIDs instead of one. The errors of the three DC 
buses are processed by three PIDs, then, the outputs are combined in one 
signal (Ploss). 
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The above explanation is demonstrated in the following Figure: 

 
Figure 3. 11: Modified pq theory for three-phase PUC5 inverter 

 

3.6 Conclusion 

This chapter covers the design of APF using both two level and PUC5 inverters, 
the technique used to control is known as MPC algorithm, the principal of this 
technique has been shown. In order to ensure the second function of APF which is 
power injection the control circuit has been modified and explained in this chapter. 
The next chapter covers the design and simulation of the proposed system using 
MATLAB/Simulink. 
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4.1 Introduction 

This chapter tests the control functionality and the performance of the proposed 

Solar-AF system. Different perturbations in the system have been considered, 

including variation of solar irradiance and load demand. the implementation and 

modeling were conducted by MATLAB/Simulink. 

4.2 Solar-AF using MATLAB environment  

Figure 4.1 describes the general circuit of the system; it represents the 

proposed Solar-AF which is arranged in parallel with a nonlinear load and the grid 

supply. The system consists of the PV array of 238 modules and delivering up to 

50kW (under STC) where it is constructed of 14 modules in series and 17 in parallel. 

The maximum power is extracted across the boost converter at voltage of 406 V and 

at current of 124 A. In addition to the SAPF which is first built based on the 2-level 

classical inverter then using the 5-level PUC inverter, and it is also the 

interconnection between the system and the grid utility. 

 

 

Figure 4. 1: General scheme of the system 
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4.2.1 Solar-AF Parameters 

The values of the used components, elements and other parameters are 

indicated in the table below (Table 4.1). 

Table 4. 1: the general parameters values of the Sola-AF. 

Grid 

Phase to phase RMS 

Voltage 
380 V 

Internal inductance 0.15 µH 

Internal resistance 0.001 Ω 

Frequency 50 Hz 

PV generator 

Maximum power (STC) 50 kW 

Voltage at MPP 406 V 

Current at MPP 124.9 A 

Boost converter 

Capacitor 50 µF 

Inductor 6 mH 

DC-link Capacitor 3.5 mF 

DC-link voltage 1000 V 

Low-pass filter 
Lf (inverter output) 15 mH 

Lf (load input) 10 mH 

Load 
3-ph Bridge rectifier load 60 Ω 

Additional parallel load 50 Ω, 15 mH 

The I-V and P-V characteristics corresponding to the used (user-defined) PV 

module are shown in Figure 4.2 

 
Figure 4. 2: The I-V and P-V characteristics of the used PV module (under STC) 
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4.2.2 Environment condition 

In order to view the performance of the proposed Solar-AF, it is tested under 

certain conditions, which comes as combinations of solar irradiance and load demand 

variations. 

The different perturbations occurring during the time of simulation are given as 

profiles, the irradiance variation profile is shown in Figure 4. 3 while load profile is 

given in Figure 4. 4 

 

Figure 4. 3: irradiance profile 

 

 

 

 

Figure 4. 4: load demand profile 
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4.3 Solar-AF with Classical Three-phase inverter 

 

Figure 4. 5: the simulated system of the classical inverter-based Solar-AF 
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4.3.1 Simulation Results  

The results of PV output voltage, current, power and the DC link voltage are 

shown in Figure 4.6. 

 

Figure 4. 6: Demonstration PV Output Voltage, Current, Power and The DC Link 

for All the Simulation using the classical inverter. 

 

The resulting curves of active power and the curves of reactive power are 

depicted in Figure 4.7 and Figure 4.8, respectively. 

 
Figure 4. 7: Active power curves of source, load and inverter during the simulation 

time using classical inverter 
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Figure 4. 8: A) Source, load and inverter reactive power in all the simulation using 

classical inverter 

4.3.1.1 System under STC 

 From the simulation starting time until t=0.5s, the breaker B1 initially is 

closed while the breaker B2 is opened. In this way, the nonlinear load is connected to 

the PCC whereas the Solar-AF is supplying current. The irradiance is at 1000W/m2 

(STC) which allows a generation of a maximum output power by the PV array about 

50 kW (Figure 4.2), whereas the inverter is transferring only 47.81 kW because of 

power loss. 

The DC link voltage is stable around 1000V in all the simulation time (Figure 

4.6), we can say that PID controller is tuned effectively to perpetuate constant DC 

bus voltage. 

As is noticed in Figure 4.8, which shows the reactive power curves in all the 

simulation, the grid reactive power is efficiently compensated by the Solar-AF, 

where Qgrid is zero while |Qsolar-AF| is equal to |Qload|. 

As can be seen in Figure 4.9, the harmonics effect is demonstrated in the load 

current however the grid current is felicitously kept sinusoidal. The Solar-AF is 

producing current of 75 A, which is sufficient to supply the whole load demand of 10 

A while surplus of this current is sent to the grid. 
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Figure 4. 9: Display of grid current, load current and filter current under 1000W/m2 

As far as the harmonic content is concerned, a fast Fourier transform (FFT) 

analysis of signals is performed during the whole simulation under every condition, 

as well as showing the frequency representation and the THD value of the grid 

current. For the present condition, the THD is 1.82 % (Figure 4.10) which is 

relatively low (less than 5% according to IEEE 519-1992). 

 
Figure 4. 10: FFT analysis tool for the source current under 1000W/m2 

4.3.1.2 System performance under decreasing of irradiance 

From t=0.5s to t=1.5s, the irradiance is constantly decreased with a ramp 

function to 500W/m2. As result, the PV power has steadily decreased as well as the 

grid injected power. That is what verifies the MPPT merit in the maximum power 

tracking despite the irradiance variations. The P&O MPPT controller determines the 

appropriate current corresponding to the irradiation level therefore forcing the 

inverter to extract the maximum PV output power accordingly. 
Although the DC voltage has temporarily passed through a small dip, its level 

has not changed significantly. 
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4.3.1.3 System performance at irradiance of 500 W/m2 

From t=1.5s to t=2s, the irradiance is stable at 500 W/m2, the power flow 

behavior is similar to the previous time interval, except that the amount of power 

supplied by the Solar-AF is reduced to 25.7 kW, and the inverter will deliver only 

24.51 kW (power loss) by which the non-linear load demand of 5 kW is fulfilled, the 

remaining 19.48 Kw is injected into the grid (Figure 4.8). Thanks to MPPT, the 

system is capable of extracting the maximum power from the PV array under 

different values of irradiance.  

Also, as depicted in Figure 4.11, the source current keeps its sinusoidal 

waveform, which indicates the system ability in harmonic mitigation. 

 
Figure 4. 11: Display of grid current, load current and filter current under 500W/m2 

The THD of a phase current to 2.34%, which is less than 5% according to 

IEEE 519-1992 (Figure 4.12)  

 
Figure 4. 12: FFT analysis tool for the source current under 500W/m2 
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4.3.1.4 System performance at irradiance of 600 W/m2 

From t=2s to t=2.7s, the irradiance is slightly raised to 600 W/m2. As was 

expected, a modest growth is noticed in the amount of the extracted power, the 

inverter is now delivering 29.53 kW (24.51 kW under 500 W/m2). Consequently, the 

grid tends to absorb the extra available power reaching 24.5 kW. 

Although the sudden surge in irradiance, the system is able to respond by 

providing such more power. This stage ensures again the effectiveness of the P&O 

MPPT algorithm.  

 

Figure 4. 13: Display of grid current, load current and filter current under 600W/m2 

The THD of current of phase a is equal to 1.99% which is less than 5% 

according to IEEE 519-1992. 

 

Figure 4. 14: FFT analysis tool for the source current under 600W/m2 

4.3.1.5 System performance under increased load demand 

At t=2.35s, while the irradiance is maintained constant at 600W/m2, the 

breaker B2 is closed causing the load demand to increase abruptly from 5 kW to 7.8 

kW. As can be noticed from Figure 4.7, the inverter keeps delivering the same 

amount of power which equals 29.53 kW. The growing load demand is taking a 



Chapter IV                                                                                  Simulation and Results 

 

 

49 
 

larger amount of power; therefore, the grid injected power is reduced to 19.91 kW. 

As displayed in Figure 4.8, the compensation of reactive power is also kept under 

control despite of the load perturbation. 

Figure 4.15 gives information about currents in the system, where the increased 

load current reached 19.7 A and a grid current of 37.1 A. 

 

Figure 4. 15: Display of grid current, load current and filter current with additional 

load demand 

The THD of phase A current to 2.68%, which is less than 5% according to 

IEEE 519-1992 (Figure 4.16)  

 

Figure 4. 16: FFT analysis tool for the source current under 600W/m2 with extra 

load demand 
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4.3.1.6 System performance during a decreasing irradiance 

From t=2.7s to t=3.7s, the irradiance is decreased again with a fixed ramp from 

600 W/m2 to 0 W/m2. Consequently, the PV power is reducing with time until there 

is no power generated from the PV system. 

Also, it is noticed that the DC link voltage is well balanced, and this, for any 

case during the operation (Figure 4.6). 

4.3.1.7 System performance at irradiance of 0 W/m2 

From t=3.7s to t=4.5s, the system is working under night mode condition that 

means there is no irradiance, thus, there is no power generated from the PV system. 

The load demand is completely supplied by the utility grid. In this way, the proposed 

system behaves as SAPF, it generates only the necessary compensating harmonics 

component to keep a sinusoidal source current. 

The required reactive power is also provided by the Solar-AF to fulfill the load 

needs, and the reactive power of the grid is eliminated, which implies a unity power 

factor, as is shown from t=3.7s to t=4.5s in the reactive power measurements (Figure 

4.8). 

The Vdc is efficiently following its 1000 V reference, which significate that the 

PID controller-based voltage regulator is worthy. 

 

Figure 4. 17: Display of grid current, load current and filter current under zero 

irradiance. 

 

 

The THD of phase A current under zero irradiance is 3.38%, which is less than 

5% according to IEEE 519-1992 (Figure 4.18)  
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Figure 4. 18: FFT analysis tool for the source current under 0 W/m2 

 

4.3.1.8 System with an increasing irradiance 

As is illustrated in the irradiance profile, from t=4.5s to t=5.5s the irradiance 

increases gradually from 0 W/m2 to 1000 W/m2 by the pace of a ramp function. As is 

displayed in Figure 4.19 during the concerned interval of time, the MPP is 

continuously being tracked, thus the power transmitted by the inverter is being 

enhanced again toward its maximum, synchronously the grid is turning from 

supplying into absorbing power (from positive to negative flow).  

The inverter current is steadily increasing its magnitude. The grid current is 

reversed in direction and is growing as time passes while even keeping a sinusoidal 

waveform, due to the filtering that stills undergoing. 

 

Figure 4. 19: Display of grid current, load current and filter current during 

increasing irradiance condition. 

The investigation into this interval proves the dynamic performance of the 

system and its adaptiveness during the continuous change in irradiance. Even tough 

under the mentioned condition, the voltage regulator successfully maintains Vdc at 



Chapter IV                                                                                  Simulation and Results 

 

 

52 
 

1000V, the maximum possible power is being tracked by MPPT and an accurate 

harmonics mitigation. 

4.3.1.9 System performance at irradiance of 1000 W/m2 with extra load demand 

From t=5.5s to t=5.75s, the system is tested again at STC (1000 W/m2) but 

with increased load demand. As can be noticed in Figure 4.7, the inverter is now 

delivering amount of power as much as before (from t=0s to t=0.5s), however the 

more power the load is consuming, the less power will be injected into the grid. 

Similarly, the system stills viable, the grid source is sinusoidal, the DC link 

voltage is kept at 1000 and the filtering is well performed resulting in low THD level 

of 3.94% which is less than 5%. 

 

Figure 4. 20: FFT analysis tool for the source current System under 1000 W/m2 with 

extra load demand 

4.3.1.10 System performance without load 

At t=5.75s, the breaker B1 is opened, therefore the non-linear load is 

completely disconnected from the system, while the irradiance is steady at 

1000 W/m2. Hence, the power produced by the PV system will be totally injected 

into the grid, from t=5.75s till the end of simulation the load draws zero power, the 

grid reactive power is zero (unity power factor). 

In this case the proposed system behaves only as a grid connected PV system 

injecting the full available power into the grid. 

As is clear in Figure 4.22, the load drains no current, on the other hand, the 

Solar-AF current is equal to the grid current in magnitude. 
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Figure 4. 21: Display of grid current, load current and filter current under no load 

condition. 

The THD measurement of the current is shown the figure below which is equal to 

1.24% which is less than 5% according to IEEE 519-1992 

 
Figure 4. 22: FFT analysis tool for the source current of the system without load 

4.4 PUC5 Three-phase inverter-based Solar-AF 
In this section, the PUC5 inverter is compared in terms of number of 

components, switching frequency, voltage rating and THD etc. The three-phase 

configuration of the system using the PUC5 inverter has been illustrated in 

Figure 4.23, It is composed of 3 single-phase PUC5 units including 3 isolated PV 

arrays as DC sources and 18 switches, unlike the classical one which has 1 isolated 

DC source 6 switches. Three similar PV arrays, each array feeds one phase of the 

inverter at a rated power of 17 kW which is extracted at voltage of 290 V and at 

current of 58.8 A (STC), and it is constructed of 10 modules connected in series and 

8 modules connected in parallel. 
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Figure 4. 23: the simulated system of the three phase PUC5 inverter-based Solar-AF 

 

The 3-phase PUC5 inverter testing has been simulated under the same 

irradiance and load demand conditions, means the same perturbations have been 

applied in order to perform ulteriorly a fair comparison between both the inverters. 

The obtained curves of active power and reactive power are shown in the figures 

below (Figure 4. 26 and Figure 4. 27). As is noticed, the power behavior is similar to 

the earlier results, however, this time the smoothness of the power curves makes a 

noticeable difference as well as a fewer fluctuation. 
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4.4.1 Simulation Results 

The results of PV output voltage (VPV), current (IPV), power (PPV) and the DC 

link voltage (Vdc) are demonstrated in Figure 4.24. 

Figure 4. 24: Demonstration PV Output Voltage, Current, Power and The DC Link 

of phase A for All the Simulation using PUC5. 

The output power of the three groups (phases) are displayed in Figure 4. 25, it 

can be noticed that the three phases power curves are almost identical means the 

phases produce the exact same amount of power, this is what significates the well 

balancing of the system and its control accuracy.  

 

Figure 4. 25: Display of the output power of phases A, B and C 
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Figure 4. 26: Active power curves of source, load and inverter during the simulation 

time using PUC5 inverter 

 

Figure 4. 27:  Source, nonlinear load and inverter reactive power in all the 

simulation using PUC5 inverter 

The high accuracy of active and reactive power compensation is obvious on its 

curves. Moreover, a sample of the grid voltage and current is shown in Figure 4. 28, 

here it is possible to take a closer look on the phase angle between voltage and 

current. The phase shift is exactly 0o which implies a zero reactive power is 

generated by the source besides a unity power factor is achieved. 
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Figure 4. 28: Source current and source voltage 

At each phase, a stable DC voltage source of 311V is needed to feed of the 

PUC inverter at Vbus. Each of these voltages is supplied by an isolated PV array 

output voltage which are continuously perturbed by the MPPT P&O algorithm and 

the conditions variations. A PID controller-based voltage regulator is used to provide 

the three DC link voltages. Figure 4.29 shows the DC link voltages at each phase. 

 

Figure 4. 29: The DC link voltages at each phase in all the simulation 

As mentioned before three isolated DC sources are needed, each DC source has 

been set at 311V, so the capacitors voltages are regulated at half the DC sources 

which is 155.5V. The three phase PUC5 inverter could generate a 5-level voltage 

waveform at each phase. As shown in Figure 4. 30. 

The output phase voltage is 5-level (± 311 𝑉 , ±155.5 𝑉 𝑎𝑛𝑑 0 𝑉). 

 
Figure 4. 30: demonstration of a one phase output voltage of PUC5 inverter 

To validate the above analysis a detailed investigation has been performed only 

into the most significant sections of the simulation (involving the main modes of 
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operation), mainly the demonstrations of currents and FFT analysis of source current 

(THD) levels are considered. 

4.4.1.1 System performance at irradiance of 1000 W/m2 [0s,0.5s] 

By keeping the irradiance on the first array constant at 1000 W/m2 (STC), It is 

clear from Figure 4. 25 that the proposed controller is capable of extracting the 

MPPT from each PV array (phase A is demonstrated in figure below). Besides, the 

inverter generated current that contains also the compensating harmonic components 

(mode of power injection and harmonics mitigation). Therefore, the source is 

absorbing a pure sinusoidal current. 

 

Figure 4. 31: demonstration of grid current, load current and filter current under 

1000W/m2 (PUC5 inverter) 

The THD measurement of phase A current shows an excellent result of is 

0.40 %, which is less than 5% according to IEEE 519-1992 

 

Figure 4. 32: FFT analysis tool for the source current of the system under 

1000 W/m2(PUC5 inverter) 
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4.4.1.3 System performance at irradiance of 0 W/M2 [3.75s,4.5s] 

In night conditions, the system behaves as an APF where it produces only a 

harmonic mitigating current. 

 

Figure 4. 33: Demonstration grid current, load current and filter current under 

0 W/m2 (PUC5 inverter) 

The smoothness of the source current sinewave can be evaluated through the 

FFT analysis tool for the source current, the THD under zero irradiance is 1.48%, 

which is less than 5% according to IEEE 519-1992. 

 

Figure 4. 34: FFT analysis tool for the source current of the system under 0 W/m2 

(PUC5 inverter) 

4.4.1.2 System performance at irradiance of 1000 w/m2 with additional load 

demand [5.5s,5.75s] 

The system is working under the same irradiance condition (same mode) but 

with extra load demand, the current shape is so identical to be seen with the eye, 

however The THD of phase A current have sightly increased to 0.86%, which is even 

typical compared to 5% according to IEEE 519-1992. 
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Figure 4. 35: FFT analysis tool for the source current of the system under 1000 

W/m2 (PUC5 inverter) 

4.4.1.4 System performance without Load [5.75s,7s] 

After the disconnection of nonlinear, the inverter current is totally directed to 

the grid injection with no harmonic compensation is needed. The system is analogous 

to a grid connected PV system. 

 

Figure 4. 36: Demonstration grid current, load current and filter current without load  

(PUC5 inverter) 

The THD of phase A current with disconnected nonlinear load is 0.19 %, 

which is less than 5% according to IEEE 519-1992. 
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Figure 4. 37: FFT analysis tool for the source current of the system without load 

(PUC5 inverter) 

4.5 Comparison and Evaluation 

In the aim of evaluation, the simulation results of the system when using the 

PUC5 inverter are compared to those when using the classical inverter in terms of 

THD, power factor and Power losses. The results are in Table 4. 2.  

Table 4. 2: Comparison in terms of THD, power factor and power loss between 

Classical inverter and PUC5 inverter-based Solar-AF systems. 

  Main time intervals 

 
Inverter 

type 

From 

0s to 0.5s 

From 

3.75s to 4.5s 

From 

5.5s to 5.75s 

From 5.75s 

to 7s 

THD 

(%) 

2 level 1.82 3.38 3.94 1.24 

PUC5 0.40 1.48 0.86 0.19 

Power 

factor 

2 level -0.99975 0.99870 -0.99211 -0.99999 

PUC5 -0.99998 0.98865 -0.99953 -0.99999 

L filter 

size 

2 level Lf_load= 10 mH; Lf_inv= 15 mH; 

PUC5 Lf_load= 1.5 mH; Lf_inv= 3 mH; 

Efficiency 

(%) 

2 level 99.96 

PUC5 99.92 

 

• As it is clear, PUC5 achieved amazing THD levels compared to the Classical 

inverter. Thus, giving more evidence to that adding extra levels to the voltage 

waveform diminishes the THD.  

• The reactive power compensation is done using the same technique, based on the 

p-q theory extracts the fundamental and harmonics information from the polluted 

load current in to estimate a compensating reference current. Consequently, a very 

close power factor unitary is performed. It is noticed that in cases other than 0 W/m2, 

the power factor is negatively signed this refers to that the grid is absorbing power. 

• Due to generating more voltage levels at the output, PUC5 inverter is expected to 

generate lower harmonic current waveform injecting to the grid compared to 



Chapter IV                                                                                  Simulation and Results 

 

 

62 
 

classical inverters. As result, the load voltage and current are nearly sinusoidal. An 

additional investment in any filters is barely needed.  

• Similarly, both inverters are working at the same power and voltage ratings and 

under the same MPPT technique, therefore, they are working at almost the same 

efficiency. 

 

4.6  Results Discussion 

• Figure 4.7 and Figure 4.26 display the curves of active power, we deduce that the 

proposed system can work in different modes; shunt AF mode and/or power 

injection mode, depending on the load demand, harmonic distortions and the 

available irradiance. 

• For a high enough irradiance (1000 W/m2,500 W/m2…), the PV generated power 

is greater than the load the demand, thus the Solar-AF delivers power to the load 

and the excess is injected into the grid. However, under 0 W/m2, the grid supplies 

the load with its power demand, while the reactive power and harmonics are still 

composited by Solar-AF. Therefore, the proposed system can guarantee a unity 

power without being affected by the irradiance deviations. 

• The proposed Solar-AF system is capable of eliminating harmonic currents, 

reactive power compensation, grid currents balancing, and adaptive DC link 

voltage regulation in addition to peak power extraction from a photovoltaic (PV) 

array. 

• PUC5 inverter has proved its merit to generate lower harmonic current waveform 

at extremely low THD injecting to the grid compared to classical e grid-connected 

inverter due to generating more voltage levels at the output. The PUC multi-level 

inverter is used in this work which has low switch, capacitor count and L filter 

size as compared to other multilevel inverters. Moreover, using more switching 

components can produce more power losses. 

• Results validate the efficiency of the 5-level PUC Solar-AF in eliminating the 

nonlinear load harmonics and also prove the good dynamic performance of the 

implemented controller. 

 

4.7 Conclusion 

The simulation of Solar-AF using either the classical inverter or the PUC5 

inverter was successfully investigated in this chapter. In both cases, the Solar-AF is 

equipped with the P&O algorithm which was efficiently able to track and delivering 

a maximum PV power, and the reactive power and harmonics compensation was 

fulfilled properly. The presented simulation results validated the superior 

performance of the 3-phase PUC5 inverter, specially reducing the total harmonic 

distortion rate far less than 5% compared with the classical inverter. 
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General conclusion and future works 

In this report, the proposed Solar-AF is used as an interconnection between the 

renewable energy generation and the utility electric grid. the Solar-AF do not only 

manage the power injection, but also offering additional power quality improvement 

features including harmonic currents mitigation, reactive power compensation, 

power factor unitary, and grid currents quality improvement.  

For a maximum power extraction from the PV array, the DC-DC boost 

converter is provided with a maximum power point tracking (MPPT) as control 

technique which is based on perturb and observe (P&O) algorithm. The results of 

simulation prove that it works with a dynamic response and a stability in its 

performance even under the variable atmospheric conditions. 

The proper work of an active power filter (APF) based on a voltage source 

inverter (VSI) necessitates the availability of reference signal. This later affords the 

necessary components of compensation the instantaneous p-q theory is applied for 

the generation of the reference signal. It is very common for the control of APFs due 

to its precise reference calculation besides that it offers a separate control for 

instantaneous active and reactive powers. 

In this work, the three phase APF was proposed to reduce harmonic current at 

the PCC point caused by nonlinear loads. This was achieved by considering suitable 

controls of the three-phase grid interactive inverters. Hysteresis current control 

(HCC) method has been used for generating gate pulses for the classical inverter 

control with simple and good transient response. In the other hand, a model 

predictive control (MPC) has been considered for 5-level PUC inverter, offering a 

fast response with sinusoidal line currents at very low THD, besides, a perfect 

balancing of the DC-link capacitor voltage. 

For further works, we suggest: 

• To improve the MPPT technique by adopting particle swarm optimization (PSO), 

which can work under non-uniform irradiance conditions (partial shading). 

• The 5-levels packed U-cell inverter can be upgraded into 7-level through some 

adjustments on its control strategy, or into 25-level by using two converters in 

cascade. 

• To use fuzzy logic control instead of PID for additional accuracy in the DC 

voltage regulations. 

• To extend the application of PUC5 to other types of renewable energies such as 

wind energy. 

• To employ the PUC5 inverter in different situations where it works in rectification 

mode. 
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Appendix 

Appendix A: Sim power diagram of solar-AF  

 

 

Figure A. 1: Shunt active power filter scheme 

 

Figure A. 2:P & Q and compensating current calculation 

 

Figure A. 3: Hysteresis Current Control 
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Appendix B: MPC of solar-AF 

 

Figure B.1: Overall system diagram of PUC5 Three-phase inverter-based Solar-AF 

 

 

 

Figure B. 2: MPC scheme per phase 
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Appendix C: PV module datasheet 

 

Figure C.1: Soltech 1STH-215-P PV module specifications 
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