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ABSTRACT

This work presents the control design of multifunctional solar active power filter based grid
connected PV system, whose architecture basically consisted of utility grid, non linear
load and Packed E-Cell inverter with PV ( PV-PEC) generator as renewable source,
connected in parallel through the point of common coupling.

The system designed to operate as an active power filter, to filter the harmonics
caused by the non linear load. Based on the modified instantaneous power (PQ) theory
the PV-PEC active power filter extracts the fundamental harmonics components from
the load current to generate a reference current. This reference current is then tracked
using a Finite Set Model Predictive Control (FS-MPC) strategy, enabling the system
to inject compensating currents into the grid while simultaneously extracting maximum
power from the PV source.

Moreover, we have investigated a new inverter topology that is the PEC nine level

inverter (PEC9). It stands out as a superior choice compared to conventional topologies in
terms of power quality improvement, total harmonic distortion reduction reduced switch
count, and multilevel voltage production with a propre control.
Keywords—Solar active power filter (SAPF), Photovoltaic (PV), Maximum power point
tracking (MPPT), modified instantaneous power theory (p-q), Total harmonic distortion
(THD), Packed E-cell 9 levels inverter (PEC9), Perturb and observe (P&O), Finite Set
Model predictive control (FS-MPC).

v
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GENERAL INTRODUCTION

In recent decades, the increasing demande for electricity and the urgent need to reduce
environmental pollution produced by conventional energy sources, have been accelerated
the integration of renewable energy sources, particularly photovoltaic (PV) system into
electrical grids [1]. They gain a significant role in electrical power generation systems in
order to minimize the drawbacks caused by the use of fossil fuels.

However, maintaining a good power quality level, voltage regulation and low har-
monic distortion in modern electric grids remains the greatest challenge in front of the
non-stop harmonic pollution generated by the nonlinear and unbalanced loads [2]. multi-
functional power electronic converters have emerged as effective solutions to enhance the
performance and reliability of distributed generation system [3].

Conventional inverters used in PV systems mainly focus on energy injection without
addressing power quality issues. Thus, to achieve a high power quality in the grid con-
nected PV systems, a novel topology of Multifunctional Packed E-Cell (PEC) inverter is
proposed to overcome the extended PUC drawbacks in which one E-cell substitutes two
U-cells [4].

A Nine level packed E-cell (PEC9) inverter operating as a multifunctional solar active
power filter based grid connected PV system is proposed in this report. The PV system
designed with a PV array and DC-DC boost converter to inject power to the utility grid
without any need of energy storage device. The DC-DC converter ensure the extraction
of the maximum power from the PV array using Perturbation and Observation control
technique.

PEC9 converter topology stands out as a superior choice compared to packed U-
cell converters structure and conventional inverters due to its higher power conversion
efficiency, small filter, low voltage stress across semiconductor switches and less total

harmonic distortion in the output voltage and current [5].
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the main role of PEC9 - SAPF is to inject proper compensation current at the point
of common coupling (pcc) in a way that the harmonics produced by the non linear load
are suppressed and the grid current is a pure sine wave in phase with the grid voltage [2].

A finite set MPC technique is developed to enable the inverter to operate in active
power filtering and power injection mode. The main objective of this thesis is to design a
proper control strategy for multifunctional PEC9 inverter to perform solar power injection
by PV array with low THD and eliminate harmonic currents content at the PCC.

This report is structured as follows:

e Chapter I: provides an overview of modern power generation, highlighting the ne-
cessity of renewable energy sources integration. In addition to the concept of power
quality and issues, harmonics as the main concept of this project with a brief de-

scription of mitigation techniques.

e Chapter II: explains the needed background to understand the system modeling,

providing detailed descriptions of PV systems and active filters.

e Chapter III: presents a detailed description of the system configuration, the math-
ematical modeling of its components, and the control strategies implemented to

achieve the desired objectives.

e Chapter I'V: presents simulation results and performance evaluation, of the proposed

PEC9-based solar active filter.

Finally , a general conclusion that summarizes the present project ,and its overcomes

as well as the future research directions.



CHAPTER 1

POWER SYSTEM AND CHALLENGES



1.1 Introduction

Modern power systems are complex networks designed to generate, transmit, and dis-
tribute electrical energy. Although power quality (PQ) problems in power utility dis-
tribution networks are not modern, their consequences have become more relevant in
recent years. They may also be explained as the degree to which the supplied power is
compatible with the smooth operation of the electrical equipment [6].

Power electronics equipment which involves adjustable speed motor drives, electronic
power supplies, battery chargers, and DC motor drives appears to be the main causes of
harmonic distortion in a distribution system, causing an increase in PQ-related issues.
Harmonics have a variety of undesirable consequences in the distribution network. In grid-
connected systems, several current and voltage harmonics affect the system performance.

Active power filters (APFs) and passive filters (PFs) are efficient solutions utilized to
address PQ) issues .Passive filters utilize a more simple, traditional approach to resolv-
ing power quality issues, but can impose extra costs with size and inflexibility in high
power environments .Comparatively, APFs provide flexible dynamic compensation in
power quality issues, making it the more preferred, effective, and efficient on the modern

electrical networks [7].

1.2  Electrical power generation

The recent global increase in demand for electricity has been associated with another
demand - rising living standards, industrial expansion and economic development. As
energy consumption continues to increase, planning in the power sector is required to
produce enough electricity sustainably. The environmental and social consequences of
traditional fossil-fuel based power plants - air pollution, greenhouse gas emissions, re-
source depletion meant that governments and researchers alike, were interested in cleaner
ways of producing electricity. Within this frame of reference, clean, renewable energy
sources offer alternatives to meet energy demand while encouraging environmental sus-

tainability and economic diversification [1].
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1.3 Power Quality

Power quality (PQ) has emerged as a critical concern for electricity consumers across
all usage levels it is defined as a measure of how well a power system supports smooth
operation of its loads [6]. The broadening use of power electronics-based devices, including
switch-mode power supplies (SMPS), dimmers, current regulators, frequency converters,
energy-saving lamps, and arc welding machines with non linear characteristics, adversely
affects the quality of consumers electric power supply due to their inherent non-linear
loads. Harmonics are produced when these devices distort the power system waveform
by improperly introducing frequency components into it, which can lead to overheating,
equipment malfunction, and increased losses.

Furthermore, the growing integration of renewable energy sources into power gen-
eration has added complexity to power distribution networks. Although renewables are
essential for sustainable energy, their intermittent nature and associated power electronics
can exacerbate PQ issues, making the electrical system more susceptible to disturbances.
Consequently, both utilities and end-users are increasingly concerned about maintain-
ing high power quality. Efforts to mitigate these challenges include the implementation
of harmonic filters, voltage regulators, and advanced monitoring systems to ensure the

reliability and efficiency of the power supply.

1.4  Grid Connected PV System

Around 99 % of installed PV capacity worldwide is made up of grid-connected systems
as opposed to standalone, battery-powered systems. PV systems connected to the grid
without batteries are less expensive and require less maintenance. The resultant power
is uploaded to the grid for consumption, distribution, and direct transmission. As a
result, other sources of grid electricity are less burdened. A specific amount of power is
generated by the grid, load, and PV array that make up the network. Control features
like Maximum Power Point Tracking (MPPT) are built into a DC/DC converter, which
work as a power optimizer. Through a DC/AC inverter, the PV system is connected to

the grid [8] as illustrated in figure 1.1.
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DC-DC DC-AC .
PV arvay coverer [ iwvener [ ©nd
MPPT control Control Unit

Figure 1.1: Grid connected PV system

1.5 Types of Power Quality Issues

Power quality issues are defined as any power problem manifested in voltage, current, or
frequency deviations that results in failure or miss-operation of customer equipment [9].

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

e 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 [10] (see figure

1.2).

Figure 1.2: Voltage waveform during voltage sag

e Interruptions: Which refer to the power

Short interruptions: Total interruption of electrical supply for duration from

few milliseconds to two seconds [10].

Long interruptions: Total interruption of electrical supply for duration greater

than to 2 seconds and less than two minutes [10].
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Figure 1.3: Voltage waveform during an interruption

e 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 [10] see figure 1.4.

Figure 1.4: Voltage waveform during spike

e Voltage swell :Momentary increase of the voltage , at the power frequency, outside
the normal tolerances , with duration of more than one cycle and typically less than

a few seconds [10] as shown in figure 1.5.

Figure 1.5: Voltage waveform during swell

e Harmonic distortion :Voltage or current waveforms assume non-sinusoidal shape.
The waveform corresponds to the sum of different sine waves with different mag-
nitude and phase, having frequencies that are multiples of power-system frequency

[10].figure 1.6 illustrates an example of harmonic distortion.
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Figure 1.6: Voltage waveform during harmonics

e Noise: An unwanted electrical signal of high frequency from other equipment [10]

that affects with current or voltage waveforms .figure 1.7 shows an example.

Figure 1.7: Voltage waveform during noise

e Voltage fluctuation : Oscillation of voltage value, amplitude modulated by signal
with frequency of 0 to 30Hz [10] which may result in the voltage that look like the

one shoen in figure 1.8.

Figure 1.8: Voltage waveform during fluctuation.

e 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 [10].

figure 1.9 illustrate an unbelanced three phase voltage.
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Figure 1.9: Voltage waveform during voltage unbalance .

1.6 Harmonics in Power Systems

Harmonics are distortions to voltage and current sign waves. If equipment in an indus-
trial facility operates by altering sign wave behavior between AC and DC, it will cause

harmonic distortion.

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 nonlinear 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,
the later are a function of current harmonics and the power system’s linear impedances.
Figure 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 [11]. Sinusoidal 50 Hz

waveform with 3rd, 5th and 7th Harmonics.
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Figure 1.10: Sinusoidal 50 Hz waveform with 3rd, 5th and 7th Harmonics.

1.6.2 Harmonic Sources

Harmonics in electrical power systems arise from various components. Transformers pro-
duce harmonic distortions, especially under non-ideal conditions or in saturation. Large
electrical machines, such as motors and generators, and those combined with renewables
have been connected at many levels of voltage, and now are assumed to inject harmonic
currents. High Voltage Direct Current (HVDC) transmission systems and their converter
stations are well known to be major contributors to harmonics due to their excessive use

of power electronic switching devices with non-sinusoidal waveforms [12].

1.6.3 Impact of Harmonics on Power Systems

Harmonics can be very harmful to the power system as well as any attached equipment
in the power system. The effects of voltage and current harmonics in the power system

can be summarized as follows [11]:

e The potential for amplification of harmonic levels caused by series and parallel

resonance.
e Overheating in the phase and neutral conductors.
e Degradation of generator efficiency caused by harmonics.

e Eddy current and hysteresis losses in transformers.
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Overheating of the system components e.g. generators, motors, transformers, etc.

Additional current flow through power capacitors.

e Decrease in operating life of incandescent lamps.

Skin effect and proximity effects increased.

Interference problem with telecommunication.

Issues with the relay protection system.

1.6.4 Mitigation Strategies for Harmonics

As mentioned before, harmonic distortion has become a growing concern in modern elec-
trical power systems due to the widespread use of nonlinear loads and power electronic de-
vices. These distortions can lead to significant issues , to preserve system stability and en-
sure compliance with international power quality standards the following sections present

an overview of the most common and effective harmonic mitigation strategies [13].

1.6.4.1 Conventional Harmonic Mitigation Methods

The simplest conventional solution to mitigate the harmonic distortion is passive filtering.
Despite their simplicity, the dynamics of the power distribution systems are not always
adequately responded by passive elements. Through the years, these passive filters have
been developed for a high level of sophistication [14].

Conventional passive filters consist of inductance, capacitance, and resistance ele-
ments configured and tuned to control harmonics to specific frequencies to provide low-
impedance paths [14].

They can be classified into several types according to the harmonic frequencies they

are designed to mitigate :

e Series Line Reactors

Line Reactors are the simplest and lowest cost means of attenuating harmonics.
They connect in series with an individual non-linear load to limit the flow of har-
monic currents by increasing the source impedance ,as well as absorb voltage tran-

sients [14].
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e Tuned Harmonic Filters

They’re the most common and most affordable type of passive filter. They are
typically designed as LC circuits tuned to a specific harmonic order . The LC circuits
are connected in parallel with the non linear load to provide a low-impedance path
at the tuned frequency, and divert harmonic currents away from their normal flow

path through the filter, and reduce voltage and current distortion [14].

Tuned filters are widely used in industrial environments where harmonic sources
are predictable and relatively constant. Despite their effectiveness at targeted fre-
quencies, they may resonate with the power system and are sensitive to system
impedance variations, which can limit their performance under dynamic load con-

ditions.

e High Pulse Converters

High-pulse converters provide an effective means of minimizing harmonic distortion
at source through the use of rectifier bridges and phase-shifting transformers. These
converters can operate using rectifier bridges through 12-pulse, 18-pulse, or even
24-pulse arrangements and phase-shift the AC input to each rectifier module so that
the harmonic currents produced by one rectifier cancel out the harmonic currents
of the other rectifiers. This cancellation of harmonic currents results in significant
minimization of the low-order harmonics (5th, 7th, 11th, and 13th) of the line
current, which provides better power quality [14]. They are commonly used in

medium and high-power industrial drives.

1.6.4.2 Advanced Harmonic Mitigation Methods

Traditional harmonic mitigation techniques have become insufficient in many applica-
tions. This has led to the development of advanced harmonic mitigation methods,which
offer dynamic, adaptive, and more precise control over power quality. These techniques
typically rely on power electronic converters, digital signal processing, and real-time con-
trol algorithms to actively detect and compensate harmonic components [7].these methods
are known as active filter.

Active filters generally monitor load currents, eliminate fundamental frequency cur-

rents, assess the frequency and amplitude of the residuals, and subsequently inject the
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corresponding inverse current or voltage to cancel the specific harmonics [14]. Depend-
ing on the application, APFs can be implemented in different configurations, primarily
as shunt or series types, each with distinct roles in harmonic mitigation and voltage

compensation.

e Shunt Active Power Filters (SAPFs) or parallel active power filters are the most
commonly used type of active filters. They are are connected in parallel with the
nonlinear load.as shown in the figure 1.12 the SAPF generates equal but opposite
harmonic currents through a voltage source inverter (VSI). This action ensures that
the source current remains nearly sinusoidal and in phase with the supply voltage,

thus improving power factor and reducing total harmonic distortion (THD) [15].

Supply
transformer
PCC

Monlinear load

Active filter

Figure 1.11: Shunt active power filter

e Series Active Power Filters are connected in series with the power supply line using
a matching transformer as shown in the figure below. They focus on mitigating
voltage harmonics, voltage sags, swells, and unbalances caused by nonlinear or

unbalanced loads.

They function by injecting a controlled voltage in series with the supply to ensure

that the voltage across the load remains sinusoidal and within acceptable limits [7].
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Supply
transformer Filter
transformer
AT
Monlinear load
Active filter

Figure 1.12: Series active power filter

1.6.4.3 Hybrid Harmonic Mitigation

Hybrid harmonic mitigation techniques combine the advantages of both passive and ac-
tive filtering methods to provide a more efficient and cost-effective solution for power
quality improvement. Passive filters handle lower-order harmonics and supply reactive
power, while active power filters compensate for higher-order harmonics and dynamically
changing loads by using the switching-mode power converter different configuration of

hybrid active filter are available in litterature as shown in figure 1.13 [15].

e, \ i { )
' I
Supply Load Supply Losd
|
| ey
— Passive |
filter |

p
Active | | Passive Ll
filler | | filer
Active
filter
{a) by

'd - ~ f \ Fa ~
| | Active Active

Supply |— filter T Load Supply —\ filter ,_1_ Load
Passive Active
filter filter

© (0]

Figure 1.13: Hybrid connections of active and passive filters

1.7 Conclusion

This chapter has discussed the diverse causes and impacts of harmonics in power systems,

highlighting the increasing necessity of effective mitigation techniques. Poor power quality
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manifested through voltage sags, swells, harmonics, flicker, and interruptions—can lead
to equipment failure, increased losses, and less efficient systems. Both conventional and
advanced methods offer valuable tools for maintaining stable and clean power supply.

The next chapter will cover the system modeling .



CHAPTER 2

System Modeling



2.1 Introduction

The multifunctional solar active power filter (SAPF) system that is proposed combines
a photovoltaic (PV) energy source with an active power filtering action to extract the
maximum power from the PV array while compensating for current harmonics caused by
nonlinear loads, simultaneously. The overall system architecture includes a photovoltaic
generator, a DC-DC boost converter, DC-link capacitor, a multi-level DC-AC inverter
(PEC9), nonlinear load in the form of a full-bridge rectifier with passive components, and
connection to an AC grid. The boost converter is controlled by the Perturb and Observe
(P and O) algorithm to perform maximum power point tracking (MPPT) in order to
extract the maximum amount of energy from the PV source. The PV array operates as a
DC power supply feeding both the grid and the inverter based SAPF in parallel, allowing

for harmonic mitigation and power injection into the grid.

2.2 Structure of Photovoltaic System

The PV system is layered and starts with the photovoltaic (PV) cell - this is a semicon-
ductor device that allows the conversion of sunlight energy directly into DC electricity.
Many PV cells comprise a PV module which is the principal functional unit designed for
outdoor use. Many PV modules are also arranged in series and parallel formation as a
PV array. The PV array is the unit of current generation for the PV system and the
output is intended to satisfy power needs. Actual output power from a PV array will
depend on both sunlight and temperature. DC-DC converters with MPPT (Maximum
Power Point Tracking) functionality enhance the energy worth extracting from the PV
array. If the output from the PV array is being utilized as DC electrical power, typically
for any storage or direct use, the user can utilize the power for whatever the end-user
intends. If the DC electrical power is destined for the grid, the option will require a
converter, or inverter, to produce an AC electrical output. The PV system structure is

modular, allowing applications for anything from homes to utility scale [16].

17
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Figure 2.1: photovoltaic cell, module and array

2.3 Solar Photovoltaic Cell

Solar cell is a basic unit, which constructs the PV system. It consists of semiconducting
material such as germanium and silicon. Silicon is used normally because its advantage
over germanium [17] . When light strikes the solid surface of a semiconductor material,
holes and electrons are created when light breaks the covalent bond in the semiconductor
material’s atom. Consequently, the terminals’ polarity becomes positive or negative. The

configuration of the PV cell is in a square or circular shape.

Light Energy
Nickel Plating

Anti-reflecting
Coating »

Load

@
N-type Silicon |
1

P-type Silicon

+ @ Hole
- @ Electron

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.
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Figure 2.3: a) single and b) Double diode models equivalent circuits
The current Ipy generated by the PV cell, can be computed by:
For single diode model:
Ipy = Ipy — Ip — Isn (2.1)
For double diode model:
Ipy = Ipy — Ip1 — Ipy — Igy (2.2)
Where Ip can be computed by:
Ip = Ig (@(VPVVZINPSV =) 1) (2.3)
And:
G
]phIIph X a (24)
STC
AKT
Vp="—— (2.5)

q
Vpy: Output voltage across the PV cell.
Ipy: Output current across the PV cell.
A: Diode ideality constant.
Ipy: Total photon current of the PV module.
K: Boltzmann’s constant.
R, Shunt resistor.

q: The charge constant.
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Rg: Series resistor.

Ig: Diode saturation current.

G: Solar irradiation .

Gsro: Standard test condition irrediance 1000 w/m2.

Ipy sTc:Photovoltaic or light generated current at STC.

Ng:Numberof pv cell in series .

The current versus voltage (I-V) and power versus voltage (P-V) characteristics mea-
sured for a single PV cell khow and are displayed in figure 2.4. Understanding the
electrical I-V characteristics of a solar cell or panel is essential for identifying the output

performance of the device and solar efficiency. [18] .

Array type: User-defined;
4 series modules; 1 parallel strings
T T T T

0.8 kww/m?

0.6 kw/m?

Current (A)

Voltage (V)

Voltage (V)

Figure 2.4: Current vs voltage (I-V) characteristics of PV cell and power vs voltage (P-V)
characteristics of PV cell.

2.4 PV module

A single photovoltaic (PV) cell produces typically very little power, usually between
0.1-2 watts, which is not enough power for most viable applications. In order to get
more power, multiple PV cells are interconnected with each other. PV cells are typically
interconnected in series, forming a solar module, so that the total output voltage and
power add together. Since a solar cell’s voltage is about 0.5 volts, then 36- solar cells
are interconnected in series to create a solar module outputting about 18 volts (0.5 V x

36). The watt power rating of one PV module can vary widely anywhere from 3 watts to



CHAPTER 2: SYSTEM MODELING 21

300 watts. Therefore, solar modules can be designed by including the right combination
of cells that collectively provide the needed power output and satisfy commercial energy

requirements. Typically these solar modules are called PV modules [19].

Cell1 Cell 2

Figure 2.5: Series connected PV cells

2.5 PV array

A photovoltaic array is made up of a number of photovoltaic panels or modules that
are electrically connected. Then can provide enough energy to operate applications that,
when run off a single photovoltaic module, would not have enough energy. Because a
single photovoltaic modules out is few watts, these are combined together, and can be
connected in series to produce higher voltage, connected in parallel to increase current or
a combination of both to provide the desired power output. This modular arrangement
can provide flexibility when designing solar power systems with different voltage and
current requirements and by using more overall surface area of solar energy produced

based on the photovoltaic array’s size [20]
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Figure 2.6: Connections of solar panels (modules)
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2.6 Maximum power point of solar array

Under Standard Test Conditions (STC), the V-I characteristic curve of a solar cell has a
distinct bending point, same commonly call the knee point. The solar cell provides the
maximum electrical power (Pm) at that point. This is the optimal operating point of the

solar cell where the power product is maximized.

Current —»

Voltage —» Vi Vee

Figure 2.7: V-1 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 maximum power point.

2.7 PV Array Characteristic Curves

2.7.1 Current Versus Voltage and Power Versus Voltage Curve

The two key points on the current—voltage (I-V) curve for a PV module are the current
at the maximum power point (Im) and the voltage at the maximum power point (Vm).

The short-circuit current (Isc) is the current flowing into a shorted PV module, or
when the voltage at the two terminals of the module is zero. Thus, this is the current
that describes the maximum current and gives rise to the Power versus Voltage (P-V)
curve, which is also shown as the red line in Figure 2.8.

The open-circuit voltage (Voc) describes the terminal voltage when the terminals are
open and the current is zero.

Connecting a load across the two terminals of a PV module results in a voltage and

current between Isc to Voc and doesn’t tell us anything about the output power of the
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PV module except for the -V curve itself, which is shown as the blue line in Figure 2.8.
However, once we have the I-V curve of the PV module, we can calculate the output

power of the PV module at different operating points.

M

=

Current | 4|
Power [W]

Voltage [V]

Figure 2.8: current and power versus Voltage curve

2.7.2 Effect of Solar Irradiation on Characteristic Curves

The I-V curve and P-V curve are affected by the solar irradiation. When the solar
irradiation change the maximum power point of the solar module will change also [21], so
the technique MPPT is used to trace the maximum power to have the maximum efficiency
of the module. When more solar irradiation fall on the surface of the solar module the
excitation energies of the electrons will increase means the electrons will have higher
mobility level which can produce more power. In these cases, the short circuit current
will increased as shown in the figure (2.9) and the open circuit voltage remains almost the
same [22]. The atmospheric conditions affect the irradiation which is therefore varying in
the month or a day, could also vary significantly due to fast changing conditions because
of clouds. In other words, the solar module needs MPP technique to assure that the
module gives maximum possible power always at any condition as well to have maximum

efficiency of the module.
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Figure 2.9: Effect of changing solar irradiation on I-V curve.

2.8 Maximum Power Point Tracking (MPPT)

Maximum power point tracking (MPPT) is a method that can optimize the power gen-
eration of a photovoltaic system under different environmental conditions. The MPP of
the PV array is a unique point where maximum power is achieved, and this operating
point corresponds to a unique PV voltage and current value the array has at that specific
environment and load condition. The Perturb and Observe (P and O) is one of the most
well-known MPPT algorithms, it functions by slowly varying the voltage or current of the
PV array and noting the power produced. The MPPT controller will continue to adjust
the voltage or current (by changing the duty cycle of the chopper) in the same direction
as long as the power keeps increasing. When the power decreases, the controller will
adjust the control signal in the opposite direction. This will continue until the also many
times as required, to establish that the variation of the power with respect to the change
of voltage or current is zero. This point is known as the MPP of the P/V characteristic.
These actions are reduced to a flowchart for the P and O technique given in Fig3.11. The
P and O algorithm, as can be seen from the flowchart, is simple, straight forward and

therefore widely used [23]

2.9 Boost converter

A boost converter is a kind of DC/DC switch mode power supply that increases (boost)
the input voltage from a direct current (DC) input, such as a photovoltaic (PV) array, to a
constant, higher output voltage. The important components of a boost converter include

an inductor, a semiconductor switch (typically a MOSFET), a diode, and a capacitor.
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Figure 2.10: DC-DC boost converter with MPPT

A boost converter with MPPT control via the P and O method has been realized. The
aim is to reach the MPP by changing the output voltage of the PV panel. A simplified
diagram of a PV DC-DC boost converter with MPPT is shown in Figure 2.10. The output
voltage of the converter (Vout) and the input voltage (VPV) is expressed in Equation

(2.5)
Vo
1—-D

‘/out - (26)

Here, (D) represents the duty cycle of the MOSFET switch. The duty cycle is modified
through a PWM signal, applied to the gate of the MOSFET. The boost converter will
adjust the duty cycle of the MOSFET switch to maintain the output voltage based on

the solar energy available.

2.10 DC-AC Inverter

An inverter is a very important part of a solar energy system. It is the interface of a
solar renewable energy system to the grid at the distribution level. An inverter converts
the DC voltage generated by a PV array into an AC voltage. The inverter produces an
AC voltage that is equal to the grid supply voltage and at the same frequency. This is
accomplished by using controlled switching devices like MOSFETS, the inverter turns the
switches on and off continuously, and the grid interfacing inverter then takes on added

responsibilities of shunt active power filter in our system.
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2.10.1 Classical Two-Level Inverter

A two-level single-phase inverter is a basic power electronic device used for changing a
DC input voltage into an AC output voltage. It does this by changing the output volt-
age to two discrete levels, with the two voltages typically being the two polarities of the
DC supply (positive and negative). The inverter can be implemented in a half-bridge
or full-bridge topology, and can be built with several semiconductor devices as shown in
figure 2.11. The semiconductor switches in the inverter circuitry are arranged so that
the switches operate in a complementary fashion, meaning that when one switch in a leg
(called a ”switching leg”) is selected to be "ON,” the other switch in the leg must be
"OFF” to prevent short-circuiting the DC source. The basic output voltage waveform is
a square wave and the inverter uses pulse width modulation (PWM) so that the inverter
can create a single frequency controllable sinusoidal output voltage with controllable
frequency and amplitude. The technical ease of design, versatility of applications, and
effective performance in practice makes the two-level single-phase inverter very useful for
a wide range of applications (for example: residential solar power systems, uninterrupt-
ible power supplies, small motor drives, etc) requiring a reliable and efficient DC-to-AC

conversion [24]

DC+

s1 _{I:ES sa_“:jg
52 _!I:ES u_lKﬁ

DC-

Figure 2.11: Two-level single-phase inverter

A two-level single-phase inverter uses four switches arranged in two legs, with complemen-
tary switching in each leg to prevent short circuits. The output voltage switches between
+Vdc and -Vdc depending on which switches are ON, producing two active states for
positive and negative voltages and two zero states with zero output voltage. This simple

switching scheme enables safe and effective DC-to-AC conversion.
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Table 2.1: Switching States of 2-Level Single-Phase Full-Bridge Inverter

No. | Si S2 S3 S4 Vout
1 ON | OFF | OFF | ON Ve
2 | OFF | ON | ON | OFF | —Va.
3 | OFF | ON | OFF | ON | 0 (ZVY)
1 ON | OFF | ON | OFF | 0 (ZVS)

2.10.2 Packed E-Cell 9-level inverter (PEC9)

The single-phase topology of the PEC9 inverter is shown in Fig 2.12, which is designed
based on a comptonization of half-bridge and the E-Cell . PEC9 consists of 6 active
switches (S1,....56), one four-quadrant bidirectional switch (S7), one dc source Vdc and
two capacitors Cl1 and C2. The structure of Figure 2.12.is connected to a utility by
R-Last as the grid filter [25].

A+ *

i

Figure 2.12: Single-phase PEC Inverter.

The possible states of PEC9 switching and states of capacitors voltages are summarized
in Table 2.2. The switches (S1, S4), (S2, S5) and (S3, S6, S7) work in complement
and twelve switching states are considered for the nine levels of voltage Vinv to the ac
terminal. When Vdc = E andV1 = V2 = Vdc/4, achieving the levels of Vdc/4, £Vdc/2,
+3Vde/4, +Vdc and0 [25].
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Table 2.2: Switching States of PEC9 Inverter Topology(T:CHARGING, |:DISCHARG-

ING,:NOEFFECT)

State (Sl, Sz, S37 S4, Ss, Sﬁ, S7> Cl Cz Vinv

1 1 00011 0 - | - +E

2 100 010 1 - |1 Vie — Vo =+3E/4
3 1 01010 0 Tt Va—Vi—Va=+E/2
4 1 100 01 0 111 Vi+Vo=+E/2
5 1 100 00 1 1| - Vi =+E/4

6 00011 1 0 - | - 0

7 111000 0 - | - 0

8 000110 1 — | 4 ~Vo=—-E/4

9 001 100 0 L] Vi —Vo=—E/2
10 |01 01 01 0 Pt Vet Vi+Vo=—E/2
11 /0101 0 0 1 T - ~Vae + V1 = —-3E/4
12 /011100 0 - | - —Vye=—-F

The output-generated voltage of the inverter can be written as:

‘/inv - Savdc + Sb‘/l + Sc‘/Z

(2.7)

where V;,, is the inverter output voltage, S,, Sy, and S. are switching states, Vj. is the

DC link voltage, and Vi, V5 are voltage across capacitors C1 and C2 respectively. [25].

where:

S5 - 567

Se =51 — 59
Sy =9 — 53
86_857

if positive half-cycle

if negative half-cycle
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Table 2.3: Switching States and Voltage Levels of the PEC Inverter

state | Sa | Sb | Sc C1 C2 Vinv
1 1 010 No effect No effect +E
2 110 |-1 No effect charging | +3E/4
3 0| -1]-1 charging charging +E/2
4 0 | 1 | 1 | Discharging | No effect +E/2
5 0 | 1 | 0 | Discharging | No effect +E/4
6 01010 No effect No effect 0
7 01010 No effect No effect 0
8 0] 0|1 No effect | Discharging | —FE/4
9 0 | -1 | 1 | Discharging | Discharging | —FE/2
10 -1 | 1 | -1 | Discharging | charging —E/2
11 -1 110 charging No effect | —3E/4
12 -1 0] 0 No effect No effect -E

The PEC9 inverter topology includes two capacitors in the DC-link, each ideally bal-
anced to one-quarter of the DC source voltage. The redundant switching states enable
active balancing by selecting switching configurations that charge or discharge the capac-
itors as needed to keep their voltages equal and stable. This balance is done dynamically
during normal operation without additional control loops or sensors dedicated to voltage
balancing [25], the different states of the converter and the resultant multi voltage level

are shown in figure 2.13.
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Figure 2.13: PEC9 configuration, switching states and conducting paths

2.11  Synchronization

Synchronization is a necessary condition to enable the PECY inverter to operate efficiently

and stably while connected to the utility grid. Synchronization requires the inverter

output voltage to match utility grid voltage frequency, phase and magnitude. A PLL is

used to accurately extract the phase angle of the grid voltage in real-time, which will

then allow for a synchronized current reference that will resemble the same properties of

supply by the utility grid. The inverter control system is based on a Finite-set Model

Predictive Control (FS-MPC) algorithm uses this current reference to predict the optimal

switching state from the PEC9 possible states before switching to a state, while injecting

current is synchronized with the grid with a low harmonic distortion and an appropriate

(usually unity) power factor [25].
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2.12 Non-Linear Loads

In power systems, nonlinear loads contribute switching phenomena, causing the current
waveform distortion. The content of the distortion includes harmonic frequency compo-
nents that are integer multiples of the frequency, and have been identified as significant
contributors to a decline in power quality . Power electronic components are generally
responsible for generating non-sinusoidal currents, leading to voltage waveform distortion
as well . There is an increased prevalence of nonlinear loads in modern power systems,
which leads to increase harmonic distortion and the reactive power demand. These con-
ditions can negatively influence voltage stability and effectively decrease the efficiency
of the electrical system. Additionally, active power filters (APFs) are routinely used to
provide harmonic compensation and reactive power adequacy, in order to comply with

power quality regulations [7]

2.13 Filters

Power rectifiers are typically used in industrial applications to convert AC power into
DC power for many other electrical loads. As rectifiers behave as nonlinear loads, they
carry harmonic currents back into the AC supply; therefore, they will create other effects
in the power grid and the electrical supply. Quite a few different methods have been
developed to mitigate such harmonic effects including passive L filters and active power
filters (APFs), which also are now being installed more often in order to improve power

quality [26].

2.13.1 L Passive Filters

Passive harmonic filters typically use Inductors (L), Capacitors (C), and Resistors (R).
They can be wired in series, parallel, or a combination of the two so that proper filtering
will occur. Passive filters aim to reduce harmonic distortion by using inductive and
capacitive values that resonate at certain harmonic frequencies allowing filtering to occur
in a power system exhibiting harmonic resonance at that frequency. Passive harmonic
filters are used to improve power quality for their simple design and relatively low cost [27].

Filters are named according to the frequency range of signals that they let pass through
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while blocking the rest, where:

e Low-Pass Filter (LPF): Accepts signals from 0 Hz to the cutoff frequency and

blocks signals at higher frequencies.

e High-Pass Filter (HPF): Accepts signals higher than the desired cut-off fre-

quency while blocking lower frequencies.

e Band-Pass Filter (BPF): Allows signals to pass only if they fall within the

desired frequency range, blocking frequencies outside this range.

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 (Figures 2.14 and Figure 2.15).

Figure 2.14: First order low pass filter and second order low pass filter

Gain (¢B)

Feguancy (Hz)

Figure 2.15: Frequency response of 1st order and 2nd order low pass filter

2.13.2 Active Power Filters

Active Power Filters (APFs) are increasingly being integrated into grid-connected photo-
voltaic (PV) systems by assigning this functionality to the grid-interfacing inverter. This
dual-purpose approach enables the inverter not only to inject active power from the PV
source into the grid but also to compensate for power quality issues such as harmonics and

reactive power. Typically, APF operation requires an external power source and utilizes
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passive components like resistors and capacitors, while avoiding inductors to maintain a
compact, cost-effective, and efficient design [7].

In such systems, a device that integrates an inverter and a solar panel can act as an
APF. This setup operates within a power system composed of a three-phase source and
nonlinear loads. The most commonly adopted APF configurations include series, shunt,

and hybrid types .

e The series active power filter (SAPF) is connected through a coupling trans-
former and injects a compensating voltage in series with the supply voltage to

eliminate voltage harmonics [28] as shown in figure 2.16,a.

e The shunt active power filter detects harmonic components of the load current
and injects compensating currents at the point of common coupling (PCC), thereby
mitigating harmonics and reactive power as shown in figure 2.16.b. This ensures

that the source current remains sinusoidal [29].

e The hybrid active power filter integrates both series and shunt configurations,
along with passive filters, to enhance harmonic mitigation and improve overall sys-

tem stability [30].
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a) Series active power filter b) Shunt active power filter

Figure 2.16: Active power filters
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2.14 Conclusion

The modeling of the Solar-AF system has been presented, covering key stages including
photovoltaic power generation, maximum power point tracking (MPPT), DC-AC inver-
sion using PECY9, and active filtering. The following chapter will focus on the control

strategies employed to ensure optimal performance and stability of the system.
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System Control Design



3.1 Introduction

The proposed Solar Active Power Filter (SAPF) system is designed to mitigate harmonic
currents, improve power factor, peak power extraction from a photovoltaic (PV) array,
reactive power compensation and maintain DC-link voltage stability under dynamic load
conditions. It operates by injecting compensating current into the grid to counteract the
distortions introduced by the nonlinear load. The use of a multilevel inverter, specifi-
cally the nine-level Packed E-Cell (PEC9) inverter, enhances the quality of the injected
current by reducing switching losses and total harmonic distortion (THD) compared to
conventional two-level inverters.

In the implemented control system, the DC-DC converter control necessitates PV
array voltage and PV current as inputs, while the generation of reference compensating
currents requires real-time measurements of load currents, grid voltage at the point of
common coupling (PCC), and the DC-link capacitor voltages. The inverter switching
strategy is determined based on these reference currents and the state of the capacitors
to ensure voltage balancing and accurate harmonic compensation.

The control approach developed for the PECY inverter is presented in this chapter.
The effectiveness of this control is evaluated on the basis of the grid current quality and
the ability to maintain the desired voltage across the DC link capacitors stable and obtain

the desired voltage levels at the inverter output.

3.2 System Configuration

3.2.1 Grid connected Configuration

The proposed configuration of the single-phase nine-level Packed E-Cell (PEC9) inverter,
along with the developed finite-set model predictive control (FS-MPC) scheme. The
investigated system consists of a single-phase AC source connected to an RL load through
the PEC9 inverter output terminals as illustrated in Figure3.1. The main objective of
the FS-MPC strategy is to regulate the grid current and balance the DC-link capacitor

voltages, and ensuring low total harmonic distortion (THD) [31].

36



CHAPTER 3: SYSTEM CONTROL DESIGN 37

A + +
R§ %}‘ Vdc >
+
I
R
B
ng\} C C.
Y {}f: S, {jﬁs

\l Vg orvl /m.le/ s
s — S,

PLLIER T Sin 03220 eompe [0S

= s-,

[ SJ

5"‘" algorithm [ g‘
-5 P o8

V‘, [ Sm— $7

Figure 3.1: Grid connected Packed E-cell inverter

3.2.2 PEC9 Based active filter Configuration

The grid-connected configuration of the proposed single-phase nine-level Packed E-Cell
(PEC9) inverter, operating as a shunt solar active power filter (SAF), is illustrated in
Figure 3.2. The system under study consists of an AC source, a nonlinear load, and the
PEC9 inverter, which is connected in parallel to the grid through a series RL filter (R;Ly)
at the point of common coupling (PCC). The system is designed to inject the extracted
solar power—delivered by a photovoltaic (PV) array through a boost converter—into the
grid via the DC-link capacitor of the PEC9 inverter, while simultaneously performing
active filtering functions. The implemented finite set model predictive control (FS-MPC)
algorithm ensures accurate reference current tracking, effective harmonic mitigation, and

dynamic compensation of reactive power under varying load and source conditions.
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Figure 3.2: PEC9 Based solar active filter

3.3 PQ Theory

In 1983, Akagi et al. [32] introduced the ” Generalized Theory of the Instantaneous Reac-

tive Power in Three-Phase Circuits,” commonly referred to as the instantaneous power

theory or p-q theory. This theory is formulated using instantaneous values of voltages

and currents in three-phase power systems, with or without a neutral conductor, and is

applicable under both steady-state and transient operating conditions. It remains valid

regardless of the waveform shape, making it suitable for systems with nonsinusoidal sig-

nals. The p-q theory involves an algebraic transformation—specifically, the Clarke trans-

formation—that converts the three-phase quantities in the a-b-c¢ coordinate system into

the «, 3,0 coordinate system. This is followed by the computation of instantaneous real

and imaginary power components, which serve as the basis for various control strategies

in active power filtering [33].
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Figure 3.3: Calculations for the constant instantaneous supply power control strategy

Instantaneous power components are computed as follows :

Vo V2 1/V2 1V2 | || o V2 1/vV2 1/V2 | |ia

2 2
Ve —\/7 1 =12 =1/2 | |uv i —\/7 1 —1/2 =12 | |

vg 0 V3/2 —V3/2| |ve ig 0 V3/2 —3/2| |i.
(3.1)

w
w

If the system is three-phase with three wires, there are no zero sequence current
components (no neutral conductor), so iy 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 [34]. The power components p and ¢

are related to the same «, 3 voltages and currents, and can be written together as :

P Vo vg O] |iq
q| — |8 —Vq 0 ’i@ (32)
Do vo 0 O0f [

These quantities are illustrated in Figure 3.4 for an electrical system represented in

a-b-c¢ coordinates and have the following physical meaning :

p

POWER C

SDURCE)N FEE.> 5

LOAD

Figure 3.4: Power components of the p-q theory in a-b-c¢ coordinates

po = Mean value of the instantaneous zero-sequence power — corresponds to the energy
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per time unity which is transferred from the power supply to the load through the zero-
sequence components of voltage and current.

po= Alternated value of the instantaneous zero-sequence power — it means the energy
per time unity that is exchanged between the power supply and the load through the
zero-sequence components.

p = 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).

p = 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 = Instantaneous imaginary power — corresponds to the power that is exchanged
between the phases of the load. In the case of a balanced sinusoidal voltage supply and
a balanced load, with or without harmonics, ¢ (the mean value of the instantaneous

imaginary power) is equal to the conventional reactive power (¢ = 3-V - I; - singy) [33].

3.3.1 The p-q Theory Applied to Shunt Active Filters

As previously discussed, the active component p is typically the only desirable power
quantity in the p—q theory. The remaining components, including the oscillating and
zero-sequence powers, can be effectively compensated using a shunt active power filter as
illustrated in Figure 3.5. According to Watanabe et al. [35,36], the zero-sequence power
component py can be compensated without requiring an external power source within
the filter itself. Instead, this power is redirected from the source to the load through
the active filter. This means that the energy previously transferred from the source to the
load through the zero-sequence components of voltage and current, is now delivered in a

balanced way from the source phases [33]
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Figure 3.5: Compensation of power components p,q,pp and py in a-b-c¢ coordinates

Then to calculate the reference compensation currents in the a-3 coordinates, expression

(3.2) is inverted, and the powers to be compensated ( p,py, and q) are used:

lea| 1 Vo —Ug| [P~ Do (3.3)
o R I '
cf B Va q

Since the zero-sequence current must be compensated, the reference compensation

current in the coordinate is 7 itself:
leo = i (3.4)

In order to obtain the reference compensation currents in the a-b-c coordinates the inverse

of the transformation given in expression (3.1) is applied:

lea 1/vV2 1 0 Leo
Geb :\/? V2 —1/2 V3/2 | i, (3.5)
i 1/V2 =1/2 —/3/2] |iz

oy, = _(iza + Z:b + ch)

cn
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3.4  Modified PQ Theory for Power Injection

The theory of instantaneous reactive power remains one of the most robust and widely
adopted techniques for generating instantaneous reference signals in active power filtering
applications. Originally designed for three-phase systems,including both three- and four-
wire configurations [37].This method has since been extended to address the demands of
single-phase systems. Moreover, in scenarios involving unbalanced supply voltage and/or
load conditions, the single-phase ‘p-q’ theory demonstrates the capability to generate
a sinusoidal source current and efficiently manage multi-phase systems, surpassing the
performance of the three-phase theory [38].

The core principle of the single-phase p—q theory lies in shifting the initial system
voltage and current by 7/2 in either direction, creating a pseudo-two-phase system. This
approach facilitates the expression of the entire system in a-f coordinates, where a-axis
values correspond to the initial source voltage and load current, and [-axis quantities
result from the displacement of the source voltage and load current by /2 [39,40].

The representation of single-phase source voltage involves a /2 forward shift in a-
coordinates .

Vo (wt) Vgria(wt)

_ (3.6)
Vg(wt) Vgria (wt + 3)

In the same way, the load current representation in a coordinate system with a /2

forward shift.

L(@t)| | Tioad(wt) (3.7)
Is(wt) Tioaa (Wt +5)

The power components ‘p” and ‘q’ can be represented together since they are related to

the same a-f voltages and currents.

p(wt) _ Val(wt)  Va(wt) ‘ I, (wt) (3.8)
q(wt) —Va(wt) Vi (wt) I5(wt)
The expressions for the p(wt) and g(wt) are:
p(wt) = p(wt) + p(wt) (3.9)

g(wt) = g(wt) + g(wi) (3.10)
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The instantaneous fundamental active and reactive power is represented by the DC
components p(wt)and g(wt),while the harmonic power is represented by the AC compo-
nents p(wt) and §(wt). In the following, the AC component (( p(wt))) of active power

and the overall reactive power (g(wt)) are employed for computing the harmonic reference

current [39].
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Figure 3.6: Modified p-q power injection

To counterbalance voltage source inverter switching losses and maintain the desired DC-
link voltage, the shunt active power filter draws a minimal amount of real power (Pyss
) either from the single-phase AC source or an external power source.

In addition to reducing harmonics, it will provide active power from the PV array
connected via a boost converter to the inverter.To inject this power into the grid,we thus
updated the PQ theory and included the PV power with the AC component (p(wt))
of active power.Therefore,as seen in Figure 3.6, we need a particular feedback signal to
force the control circuit to include power and harmonics in its output [39].The reference

compensating current can be obtained by this equation:

((Va X (PPV +ﬁ_ PLOSS)) - vﬁ X Q)
VZ+ V3

(3.11)

Iinv-ref =

3.5 Conventional Single Phase Two Level Inverter

Following the discussion on the p—q theory and reference current generation, this section
introduces the conventional two-level single-phase inverter, which serves as the core power
conversion stage in the active filtering system. This inverter is responsible for injecting
compensating currents into the grid based on the reference signals. To ensure accurate and

stable operation, appropriate control strategies are applied to regulate the output voltage
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and track the reference current waveform. In the subsequent sections, different control
techniques including voltage regulation method, Hysteresis Current Control (HCC), and
Model Predictive Control (MPC) are explored in the context of single-phase inverter

operation.
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Figure 3.7: Block Diagram of the Single-Phase Active Power Filter.

3.5.1 Voltage Regulation

Voltage regulation plays a critical role in maintaining the stability and performance of
the voltage value at the capacitors in the DC side of the power inverter. A stable DC-
link voltage ensures that the inverter can continuously deliver the required compensating
current to the grid without interruption [41].

The value of P, is determined by means of a PI controller that eliminates the
error between the DC-link voltage and the. It is important to explain that during the
normal operation of the SAPF, the soft-power oscillating value components defined by
p-q theory are exchanged between the loads and the DC link capacitors of the SAPF,
and therefore it is natural for the DC link capacitors to oscillate to compensate for these

power components [42].
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3.5.2 Hysteresis Current Control (HCC)

Hysteresis Current Control (HCC) is a widely adopted technique used nonlinear control
for current-regulated inverters.It’s 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 Figure 3.9 shows [43].
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Figure 3.9: Description of the hysteresis current controller

The switching signals S1 and S2 are produced directly when the error exceeds an assigned

tolerance band HB. such that:

o [f ¢¢7" < HB, the upper switch S1 is off and the lower switch S2 is on.

o If i7" > H B, the upper switch S1 is on and the lower switch S2 is off.

Note that the upper band and the lower band differ by 2H B.
With this method, the actual current is forced to follow a reference current within a

specified hysteresis band. The inverter current is sensed in real time and compared to
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reference current to generate switching pulses to switch on and off the inverter IGBTs.
If the current exceeds the upper level of the band, then the inverter upper switch is
switched off and the lower switch is switched on. Conversely, if the current is below the
lower hysteresis limit, the inverter upper switch is switched on and the lower switch is
switched off. This switching action provides accurate current tracking and compensation

of harmonics and reactive power [44]

3.5.3 Model Predictive Control (MPC)

MPC is a sophisticated, advanced ,and effective control technique than traditional PID
and HCC control, 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.
Then, to form these predictions, a cost function is defined and evaluated in order to
select the optimal control action [45]. At each sampling instant, the controller evaluates
all possible switching states of the inverter and uses the system model to forecast the
next-step output current.

The flowchart in Figure 3.10 illustrates the functionality of the suggested MPC.
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Figure 3.10: MPC for single phase conventional APF

For each of the four switching states,the inverter current I;,,, measured values, grid voltage
Vgrid, and capacitor voltage V. are used to calculate the future values of the reference
current I fpreq and the capacitor voltage Viepreq. The cost function (g) incorporates these

control goals in the following function:

g = abs(Lyef prea(k + 1) — Let(K))* + abs(Vae_prea(k + 1) — Vieret())? (3.12)

3.6  Packed E-Cell Single Phase Inverter (PEC9)

The proposed PECY structure is constituted by one dc source Vdc, two capacitors C1
and C2 horizontally extended to form a single auxiliary dc link, six active power switches
noted as 51,52,53,54,S5, and S6 and one bidirectional switch noted as S7 .This latter is

connected between the capacitors midpoint and PEC9 ac terminal [25].
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Figure 3.11: PEC9 inverter topology

To generate nine-level voltage at the inverter output the voltage across the capacitors
Ver and Vs should be balanced to one quarter of the input DC voltage magnitude E.
While, the sum of capacitor voltages V1 and Vo is regulated to the magnitude of input
DC voltage E, as presented in the table below 12 possible switching states can produced
by the PEC9 to generate nine level voltage [25].

When a fault occurs on the bidirectional switch S7, the PEC9 inverter will be operating
as PUC operation as the previous generation of the compact multilevel inverter, where

five and seven levels can be achievable.
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Table 3.1: Switching States of PEC9 Inverter Topology(T:CHARGING, |:DISCHARG-

ING,:NOEFFECT)

State (Sl, Sz, S37 S4, Ss, Sﬁ, S7> Cl Cz Vinv

1 1 00011 0 - | - +E

2 100 010 1 - |1 Vie — Vo =+3E/4
3 1 01010 0 Tt Va—Vi—Va=+E/2
4 1 100 01 0 111 Vi+Vo=+E/2
5 1 100 00 1 1| - Vi =+E/4

6 00011 1 0 - | - 0

7 111000 0 - | - 0

8 000110 1 — | 4 ~Vo=—-E/4

9 001 100 0 L] Vi —Vo=—E/2
10 |01 01 01 0 Pt Vet Vi+Vo=—E/2
11 /0101 0 0 1 T - ~Vae + V1 = —-3E/4
12 /011100 0 - | - —Vye=—-F

3.7 Perturb and Observe Method

The Perturb and Observe (P and O) algorithm is among the most commonly used meth-

ods for maximum power point tracking (MPPT) in photovoltaic (PV) systems, primarily

due to its simplicity and ease of implementation. The algorithm functions by periodically

perturbing the terminal voltage of the PV module and comparing the resulting output

power with that of the previous perturbation cycle.

As shown in Figure 3.11, if the

change in voltage leads to an increase in power, the control system continues to shift the

operating point in the same direction. Conversely, if the power decreases, the direction of

perturbation is reversed. The flowchart representing the P and O algorithm is depicted

in Figure 3.11 [46].
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Figure 3.12: The P and O method flowchart

3.8 Finite Set MPC (FS-MPC) for PEC9

Finite Set-MPC is one of the major categories of MPCs. FS-MPC is a simple, intuitive,
and very flexible control technique that can be appropriately implemented on power
converters. Moreover,this method allows the inclusion of system nonlinearities and con-
straints in the controller design. The main idea behind this technique is the use of the
inherent discrete nature of power converter for the prediction of future behavior of the
variables to control for a predefined time horizon [25].

It selects the appropriate switching state that minimizes a defined cost function at
each sampling instant. The cost function is formulated to reflect the control objectives
that need to be achieved optimally. One of the main advantages of Finite Set Model
Predictive Control (FS-MPC) is that it eliminates the need for a separate modulator, as

the switching pulses are directly applied to the converter.

3.8.1 FS-MPC For Grid Connected PEC9 converter

The design of the FS-MPC control technique for the Grid Connected PECY9 inverter

focuses on controlling three main variables: the line current i, injected into the utility
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grid, and the voltages across the two DC-link capacitors V; and V5. Accordingly, the
switching variables S,, S, and S, as defined in Table 2.1, are treated as the system’s

control inputs or state variables [25].

‘/imi = Savdc + Sb‘/i + Sc‘/2 (313)

As mentioned before, if the two dc-link capacitor voltages are regulated to one-fourth of
the dc voltage source, the output voltage wave form Vinv contains nine voltage levels.
The dynamic model of the inverter grid side is described as follows

dig

—i = g+ Vi = v (3.14)

A discrete-time model has to be taken into consideration where T} is the system sampling

time. Adapting Euler-forward approximation, the line current derivative is written as

follows:
dig@) Z.g(k + 1) — ig(m
= 3.15
dt T, (3.15)
Substituting (3.3) into (3.2) leads to the following equation:
: RTsY . T,
i+ 1) = (1= T2 ) i)+ 7 Vi) = (0 (3.16)
g

Concerning the dc-side voltages Vi and V; across the capacitors C and Cs,respectively

dV

'L.l == Cl? = —Sbl-g (317)
: dVa ,
19 = C’QW = —Sclg (318)

Using Euler-forward approximation, each capacitor voltage V;,i = (1, 2) is written as

dVi(t)  Vi(k+1) — Vi(k)
= T (3.19)

Substituting (3.7) in the corresponding voltage of (3.5) and (3.6), (3.8) and (3.9) are

obtained, respectively
TS X Sb

Vilk+1) = Vilk) - =5

iy (k) (3.20)
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Va(k +1) = Va(k) -

ig(k) (3.21)

where Sa ,Sb and Sc are obtained from table 2.2.

Finally, the cost function g is derived as the following equation:

g = kl(igg"ef - Zg(k))Q + k2(‘/1,ref - ‘/i(k))Q + k2(‘/2,ref - ‘/2(1{;))2 (322)

Measurements:
» Vg(k), ig(k), V1(k) and
v2(k)

l

Initialize
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’ i=i+l }:

Viny (K) = S.Vge+ SuVa+ SV,
lg(k+1)= (1-RTs/L)+(To/L)( Viny (k)-V(k))
Vi(k+1)= Vy(k) = (TsSu/C) ig(k)
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‘ Minimum g(i) and apply
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Figure 3.13: Finite Set MPC for PEC9

Figure 3.11 presents the FS-MPC flowchart implemented for the PEC9 inverter. At
every sampling instant k, the system acquires the current values of the grid current i,(k)

and the voltages across the two DC-link capacitors V; (k) and Va(k). Using equations (3.4),
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(3.8), and (3.9), these values are used to predict the corresponding states at the next
time step £+ 1. A cost function is then evaluated to quantify the deviation between the
predicted values and their respective reference values [25].

The FS-MPC controller evaluates all 12 possible switching combinations of the PEC9
inverter, as defined by the switching variables S,, Sy, and S, in Table 2.1. The combina-
tion that results in the lowest cost function value is selected to generate the appropriate
switching signals for the inverter switches S; to S7, based on the logic outlined in Table
3.1. The cost function includes two weighting coefficients, k; and ko, which balance the
importance of each control objective. These parameters are typically tuned empirically,

as there is no standard analytical method for determining their optimal values [25].

3.8.2 FS-MPC for PEC9 Converter Based Active Filter

The proposed FS-MPC strategy enables the PEC9 inverter to operate in both active
power filtering and grid-connected photovoltaic (PV) injection modes. The flowchart

shown in Figure 3.12 illustrates the functionality of the proposed control algorithm.
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Measurements:
linu(K),liny_ret(K)

I Viria(k), Vac(k)
Vi(k),V2(K)

l

Initialize
i=0

Viny (K) = SaVact SpVa+ SV,
linu(k+1)= (1-RTo/Le)liny (K)+(Ts/Le)( Vinw (K)-Veria (K)
Vy(k+1)= Vy(K) = (T,Su/C) lin(k)
Va(k+1)= Va(k) = (T:Sc/C) liny(k)

l

8(i)= ky*abs((liny_rer(k) — linv(k+1))
+ ko*abs(Vy rei— Vi(k+1))

+ ks*abs(Va,rer = Va(k+1))

‘ ini g(i) and apply
‘ optimum switching state

Figure 3.14: Finite Set MPC for grid PEC9 converter

For each of the 12 possible switching states, the inverter current I[;,, is measured,
and the grid voltage Viiq along with the DC-link capacitor voltages V; and V, are used
to predict the future values of the inverter current and capacitor voltages. The core
objective of this control technique is to implement predictive switching by minimizing a
defined cost function g at each sampling instant k, thereby ensuring accurate reference
current tracking, effective harmonic compensation, and balanced operation of the DC-link
capacitors.

The cost function (g) incorporates these control goals is defined as:

g(1) = kyxabs((Liny ret(k) — Liny (k4 1)) + ko xabs(Vi yer— Vi (k+1)) + ks kabs(Va yer— Vo (k+1))
(3.23)

The cost function includes three weighting factors, ki, ks, and k3 which balance the
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importance of each control objective. These parameters are typically tuned randomly, as
there is no standard analytical method for determining their optimal values.

the inverter current reference is denoted by the variable Iy, (k) with it’s predicted
value [y (k + 1), and the same for the dc-link capacitor voltages, the reference is Vi et
and Ve which is fourth of Ve, and their predicted values are respectively Vi(k + 1),
Va(k +1).

The dynamic model of the inverter grid side is described as follows:

Lf A = V;nv - ‘/gm'd (324)

The filter current derivative is written as per Euler-Forward approximation, as follows:

= 2
dt T, (3:25)
Substituting Eq. (3.13) into Eq. (3.12) gives:
. . T
Zim,(k + 1) == 1inv<k) + L_(‘/Zm}(k) — Ugrid<k)) (326)
The voltages across both C; and Cy are given as:
: dVi :
11 = CIE == —Sng (327)
. dVsy ‘
19 = CQE = —Sclg (328)

Using Euler-Forward approximation, each capacitor voltage V;,7 = {1,2} is written as

Eq.(3.17
347 i) Vilk + 1) — Vi(h)

= 2
dt T, (3.29)
Accordingly, discrete-time voltages can be written as:
T, xSy .
Vak +1) = Va(k) = =5 i) (3.30)
1
Ts x S
Vo(k + 1) = Va(k) — ———tinu (k) (3.31)

Cy
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3.9 Conclusion

This chapter covers the design of active power filter using both conventional and PEC9
inverters, along with the control techniques MPC and FS-MPC respectively.
The next chapter will validate the effectiveness of the control design through simula-

tion of the proposed system using MATLAB/SIMULINK.



CHAPTER 4

Simulation and Results



4.1 Introduction

This chapter evaluates the control performance and dynamic behavior of the proposed
Multifunctional Solar Active Filter (Solar-AF) system based on the PEC9 inverter topol-
ogy. The system is subjected to various perturbations to assess its robustness and
adaptability under real-world operating conditions. The entire system, including con-
trol algorithms and power circuit components, was modeled and simulated using MAT-
LAB/Simulink. The results aim to validate the effectiveness of the Solar-AF system in
performing multiple functions, such as active power injection, harmonic compensation,

and reactive power support, under varying environmental and load scenarios.

4.2 PEC9 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 36 modules and delivering up to 150 Watts(under STC) where
it is constructed of 4 modules in series and 9 in parallel. The maximum power is extracted
across the boost converter at voltage of18.65 V and at current of 8.04 A. classical inverter
then using the 9-level PEC inverter, and it is also the interconnection between the system

and the grid utility.

Single phase
AC Source
LI
—®‘ GO0 —e———aa
J:. Wigrid PCC
N _1__. B

Non Linear Load

PV Array + Boost Converter PECS inverter

Figure 4.1: General scheme of the system

98
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4.3

PEC9 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 63 V
Frequency 50 Hz
DC voltages (V1&V53) (150/4) V
DC voltage reference (Vg.%) 150V
PV generator Maximum power (STC) 150W
Voltage at MPP 18.65 V
Current at MPP 8.04A
DC-LinK Capacitance ( C;&C2&C3) | 2500 pF
Short-circuit current I, 8.49A
Open circuit voltage V. 22.64V
Boost converter Capacitor 47uF
DC-link Capacitor 390 uF
DC-link voltage 150 V
Filter side inductor Ly 15 mH
Load side inductor L; 5 mH
Load side resistance (Rp) 100 ©
Load side inductance (L) 0.7 mH
Additional load resistance (Rp) 29 Q
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The I-V and P-V characteristics corresponding to the used (user-defined) PV module

are shown in Figure 4.2.

Armray type: User-defined;
4 series modules; 1 parallel strings

0.8 kww/m?

0.6 kWi/m?

Current (A)

60

90

X 74.6637
Y 478.616
-

Voltage (V)

Figure 4.2: The I-V and P-V characteristics of the used PV module (under STC)

4.4

verter using MATLAB Environment

LI
PCC '

Mon linear load

2

Wi

Lf filter
[vde] 1
@ | i

Pl Controller

||

ioad]
Sa boolean
ta Type Cor
= boclean

abe Femp

abel

Shunt-APF With Single Phase Conventional In-

Iref

]

Reference current generator

Figure 4.3: The simulated system of classical two level inverter
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4.5 Conventional Active Filter Parameters

The values of the used components for the conventional simulated inverter are shown in
the table below.
Table 4.2: Shunt-APF SIMULATION SYSTEM PARAMETERS

AC grid voltage 63 (RMS)
AC grid frequency 50Hz
Filter side inductor (L) 20mH
Filter side resistor (Ry) 2.5mf?
Load side inductor (1) SmH

DC voltage reference (Vg.™) 150V
DC-Link capacitor Capacitance (C) 1500uF
Load side resistance (Ry,) 3092
Load side inductance (Ly,) 3H
Switching frequency (f) 40KHz

4.6 Simulation Results

The results of DC link voltage , source current, load current, and the inverter current ar

shown below.

| L
1 15 2

Time (seconds)

Figure 4.4: DC link voltage

The load current is noticeably distorted due to the nonlinear nature of the connected
load as shown in figure 4.5, exhibiting significant harmonic components. This waveform
is non-sinusoidal, confirming the need for harmonic compensation through the SAPF.
The Total Harmonic Distortion (THD) of the load current is relatively high, reflecting

poor power quality prior to compensation.
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Figure 4.5: load current
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Figure 4.6: Grid current and voltage

After compensation, the grid current becomes nearly sinusoidal, indicating effective har-
monic mitigation by the SAPF. The Total Harmonic Distortion (THD) of the source
current is significantly reduced, typically meeting the IEEE 519 standard (< 5%). This

demonstrates that the active filter successfully isolates the grid from the nonlinear effects

of the load.
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For the current injected by the inverter as shown in figure 4.7, The waveform is non-
sinusoidal, as expected, since it is designed to inject only the harmonic components. The
dynamic response of the inverter shows good tracking of the reference during steady-state

and transient conditions.

Iref

1 | | |
Y Y

current (A}

j1 A NA AR RA |

=15

192 1.94 1.96 1.98 2 202 204 206
Time (seconds)

Figure 4.7: Reference current

As far as the harmonic content is concerned, a fast Fourier transform (FFT) analysis of
signals is performed as well as showing the THD value of the grid current.As it is shown,
the THD is 4.15% (Figure 4.6) which is relatively low (less than 5% according to IEEE
519).

Fundamental (50Hz) = 33.38 , THD= 4.15%

- e o
5] ra n w n
T T T T y
L L L L

Mag (% of Fundamental)

(=1
wn
1

=]

0 2 4 [} 8 10 12 14 16 18 20
Harmonic order

Figure 4.8: FF'T analysis tool for the grid current



CHAPTER 4: SIMULATION AND RESULTS 64

4.7 Grid Connected PECY9 Inverter Using MAT-
LAB Environment

The Grid connected PECY inverter system depicted in Figure 4.9 was modeled in MAT-
LAB/Simulink to evaluate its ability. The inverter is controlled using a Finite Set Model
Predictive Control (FS-MPC) algorithm, which selects the optimal switching state based
on current and voltage predictions. The control strategy ensures proper tracking of the

reference current and maintains balanced capacitor voltages.

orft
4
Cont ont g Cont
Int E: H
Inf
400
o1 i,
LN —
>
= ! i
) Cont
ony ont ”
e signais boolean
i FSMPC
—
B 1o
3
. O H
Dgnd]  ——*ug ! =
i / L
o -
) e
)=

Figure 4.9: The Simulated System of Stand Alone PEC9 inverter

4.7.1 Grid Connected PEC9 Parameters

The values of the used components for the stand alone simulated inverter are shown in

the table below.

Table 4.3: Grid connected PEC9 system parameters

AC source voltage 63 (RMS)
Fundamental frequency 50Hz
Grid filter inductor (Lg) 15mH
Grid filter resistor (Rg) 2m¢?

DC voltage reference (Vgc*) 150V

DC-Link capacitors Capacitance (C1&Cs)  2500uF (for each)
Switching frequency (f) 30KHz
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4.8 Simulation Results

The following figures illustrate the simulation waveforms obtained from the MATLAB /Simulink
model. Figure 4.10 shows the source voltage and current, the source current exhibits a
sinusoidal shape with minimal distortion, demonstrating the inverter’s ability to supply a
clean current waveform. This confirms that the FS-MPC effectively regulates the inverter

switches to synthesize a current that accurately follows the reference.
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Grid voltage

Grid current(x5)
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Figure 4.10: Grid current and voltage

As observed in the FF'T analysis Figure 4.11, the THD of the source current is maintained
within acceptable limits 1.94% (according to IEEE 519 standards), confirming that the

inverter injects a clean current into the load.

Fundamental (50Hz) = 4.976 , THD= 1.94%
0.45 7 T : T T T T : T : ]
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Figure 4.11: FFT analysis for the source current
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The inverter output shows a nine-level voltage waveform, which confirms the proper
operation of the PEC9 topology as it appears in figure 4.12 nine levels are clearly pro-
duced.

17
Time (seconds)

Figure 4.12: PECY inverter voltage

Then, the capacitor voltages V1 and V2 remain well-balanced around their desired values

throughout the operation.

B e e R T

2
Time (seconds)

Figure 4.13: DC link capacitors voltage

A slight increase in the voltage of capacitor V1 was observed during the simulation.
This small deviation may be attributed to the asymmetric operation of the switching
states or dynamic changes in the load. However, the variation remains within acceptable
limits and does not affect the overall performance or output voltage levels. The control
strategy effectively maintains voltage stability and ensures reliable performance of the

inverter.
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4.9 PEC9 Single-phase inverter-based Solar-AF

In this section, the single-phase PEC9 inverter is compared in terms of component count,
switching frequency, voltage rating, and Total Harmonic Distortion (THD).

The single-phase PEC9 inverter system consists of a single-phase PEC9 unit, which
is a multilevel inverter capable of generating nine output voltage levels. This inverter
is composed of a single isolated DC source , seven active switches (this would include 6
bidirectional switches and a single four-quadrant switch), along with two DC capacitors
that are actively balanced. This design aims to significantly reduce the number of com-
ponents compared to conventional single-phase inverters that might use more switches or
multiple DC sources to achieve similar voltage levels, leading to an improvement in Total
Harmonic Distortion (THD) and system efficiency.

The inverter unit is fed by a PV array that generates a rated power of 150 W, extracted
at a voltage of 18.65 V and a current of 8.04 A (STC). This array is constructed of 4
modules connected in series and 1 modules connected in parallel.

l

—@l

P array + boost

1GBT/Diode 1
1G/Diode 4

IGET,/Diode 2

—&

C1

1GBET/Diode 8

IGET,/Diode 3

1GBET/Dinde &

—@

1GET/Diode 7

Figure 4.14: the simulated system of the single phase PEC9 inverter-based Solar-AF
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4.10 Simulation Results

The results of PV output voltage (Vpv), current (Ipv) are shown in figure 4.16 ,where the
power (Ppv) , DC link voltage (Vdc) are shown in figure 4.17 under diffrent irradiance
scenarios (1000 W/m2, 600W /m2,and 800W /m2)

P PECO_SAF/PV array + boost/lr (Wifm2)2 : Ramp-up/d

Irradiance

850

750

700

650

550

Figure 4.15: Irradiance profile of the simulated system

V_PY
——— |_PV(x5)
T

0 1 2 3 4 5 6
Time (seconds)

Figure 4.16: Demonstration PV Output Voltage and Current, under different irradiance
scenarios
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Figure 4.17: Demonstration PV Output power and boost converter under different irra-

diance scenarios

Figure 4.18 illustrates the power distribution between the photovoltaic (PV) system

(Ppv), the load (Pload), and the utility grid (Pgrid) under a solar irradiance levels of

600 W/m? and 800 W/m? and 1000 W/m?2. The plots demonstrates the system’s dy-

namic response and stable operation, highlighting effective energy management between

generation,consumption, and export.

Pgrid, Plead, Ppv

Active Power (Watts)
=

B e FEL T R T

=

e T Y |

COiffset=0

Time (seconds)

Figure 4.18: Active power curves of source, load and inverter during the simulation time
using PEC9 inverter at 600 W/m?, 800 W/m?, and 1000 W/m?
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The high accuracy of active and reactive power compensation is obvious on its curves.
Initially, the system exhibits a high level of reactive power due to the nonlinearity of the
load. However, once the PECY inverter is activated and synchronized with the grid, the

reactive power rapidly drops and stabilizes near zero and unity power factor is achievable
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Figure 4.19: Grid voltage and current(x5)

The simulation results in figure 4.20 shows that the DC-link voltage (Vdc) is well-
regulated, providing a stable power supply to the PEC9 inverter. The capacitor voltages,
V1 and V2, are effectively balanced around their target values even at different scenarios,

enabling accurate nine-level voltage generation.
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Figure 4.20: DC link Capacitors Voltages

V1 and V2 are set to one fourth of Vdc . which allows generating a perfect nine level(+

Vdc/4, £Vde/2, £3Vde/4, +Vdc and 0) as depicted in figure 4.20.

The inverter output voltage (Vinv) depicted in figure 4.21 clearly demonstrates the

expected multilevel waveform, confirming correct switching operation, efficient voltage

balancing, and high-quality power injection into the grid. The output phase voltage is

9-level (£ 150v ,+112.5,475,+37,5 and 0 ).

Le=Viny=

150

=100

-150

12 125 13 135

Figure 4.21: PEC9 output voltage
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To validate the above analysis, a focused evaluation was carried out on key parts of
the simulation, particularly the current waveforms and the FFT analysis of the source

current, with special attention given to the Total Harmonic Distortion (THD).

4.10.1 System performance at irradiance of 600 W /m?2, 800
W/m?, and 1000 W /m?

Figure 4.23 makes it evident that the suggested controller can extract the MPP from
each PV array by maintaining the array’s irradiance at 600 W/m?, 800 W/m?2, and 1000
W/m?(STC) constant. Also, the inverter-generated current that also includes compen-
sating harmonic components (power injection mode and harmonic mitigation). A pure
sinusoidal current is thus being absorbed by the source.

Figure 4.22 clearly shows the changing of load , grid, and inverter current under

different scenarios of irradiance.

—— Load cument

=
tn

Load current (A)

Grid current (A)

Inverter current (A

Time (seconds)

Figure 4.22: demonstration of grid current, load current and filter current under 600
W/m?2 800 W/m?, and 1000 W /m?
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Figure 4.23: Demonstration of grid current, load current and filter current under 600

W/m?

Figure 4.25 shows the THD measurement of current 2.85% that is a good result under

irradiance 600 W/m? which is less than 5% according to IEEE 519-1992.
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Figure 4.24: FFT window under 600 W/m2
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Figure 4.25: FFT analysis tool for the source current of the system under 600 W/m2

Figure 4.28 shows the THD measurement of current 2.7% that is a good result under

irradiance 800 W/m? which is less than 5% according to IEEE 519-1992.
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Demonstration of grid current, load current and filter current under 800
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Figure 4.27: FFT window under 800 W/m2

Fundamental (50Hz) = 9.62 , THD= 2.70%
T T T T T

= = -

E= (2] ee] N
T T T T

| | | |

-
[\S)
T

|

Mag (% of Fundamental)
c o o<
. » @ -
T T T
| | 1

o
o
T

I

o

0 2 4 6 8 10 12 14 16 18 20
Harmonic order

Figure 4.28: FFT analysis tool for the source current of the system under 800 W /m?
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Figure 4.29: Demonstration of grid current, load current and filter current under 1000
W/m?
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Figure 4.30: FFT window under 1000 W/m2
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Figure 4.31: FFT analysis tool for the source current of the system under 1000 W/m?

Figure 4.31 shows the THD measurement of current 2.64% that is a good result under

irradiance 1000 W/m? which is less than 5% according to IEEE 519-1992.

4.10.2 System Performance at Irradiance 800 W /m? With Ad-

ditional Load Demand

The system is working under irradiance condition of 800 W/m? but with extra load
demand (Parallel load ), the current shape is so identical to be seen with the eye, however
The THD is slightly increased with a value of 4.39% but it still within the acceptable
range less than 5% according to IEEE 519-1992.
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Figure 4.32: Demonstration of the grid current, Load current, and filter current under
extra load demand
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Figure 4.33: Demonstration of the changing of the grid current, Load current, and filter
current under additional load demand

Even we have added extra load, the system still behaves optimally. The voltage of the
two capacitors is balanced at the reference values as we can see in figure 4.34, and the
the power balance equation is satisfied highlighting effective energy management between

generation,consumption, and export as figure 4.35 shows.
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Figure 4.34: DC link capacitors voltage under additional load demand
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Figure 4.35: Active power curve of the PV, grid, and load under additional load demand

as we can see in figure 4.35 the load demand increased at 3s hence the grid power de-

creased. the resulting THD is depicted in figure 4.36.
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Figure 4.36: FFT analysis tool for the source current of the system under additional load
demand

4.11  System Evaluation

The purpose of the evaluation is to compare the system’s simulation results in terms of
THD, and power losses when using the PEC9 inverter versus the classical inverter.

It is evident that PEC9 with a THD= 2.85% at irradiance 600 W/m2, a THD= 2.7%
at irradiance 800 W/m2 | and a THD= 2.64% at irradiance 1000 W/m2 outperformed
the Classical inverter with a THD= 4.15% . the same thing for the grid connected that
proves its performance by achieving a THD= 1.94%. Thus, providing more proof that
the THD is reduced by adding additional levels to the voltage waveform.

4.11.1 Results Discussion

e Based on the active power curves shown in Figures 4.18 , we can conclude that the
suggested system can operate in either power injection mode or shunt AF mode,

contingent on available irradiance, load demand, and harmonic distortions.

e The suggested Solar-AF system can extract peak power from a photovoltaic (PV)
array, and guarantee a unity power without being affected by the irradiance de-
viations, and also eliminate harmonic currents, reactive power compensation, grid

current balancing, and adaptive DC link voltage regulation.

e Because it produces more voltage levels at the output than a traditional grid-
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connected inverter, significantly reducing the harmonic content of the injected
current and achieving a low Total Harmonic Distortion (THD).This confirms the
inverter’s effectiveness in producing a clean current waveform suitable for grid in-
tegration. Moreover, the proposed design uses fewer switching devices, capacitors,
and a smaller L filter than other multilevel topologies, which simplifies the sys-
tem and enhances overall efficiency. Reducing the number of power components
not only lowers the cost and complexity but also minimizes switching losses, which
tend to increase with more components. These results validate the PEC9 inverter as
a compact, efficient, and high-performance solution for grid-connected solar active

filtering applications.

e The simulation results robustly validate the efficacy and superior performance of
the proposed PEC9-based SAPF system. Notably, the system consistently achieved
significant harmonic mitigation, evidenced by Total Harmonic Distortion (THD)
values of the grid current well below the stringent IEEE 519 standard’s 5% limit.
Specifically, THD values as low as 2.85% at 600 W/m?, 2.7% at 800 W/m?, and
2.64% at 1000 W /m? were demonstrated, significantly outperforming a conventional
two-level inverter (which yielded a 4.15% THD). This remarkable reduction in har-
monic content is a direct consequence of the PECY inverter’s ability to synthesize

a high-quality, nine-level output voltage waveform.

4.12 Conclusion

In summary, the PEC9-based solar active power filter effectively combines power
quality improvement and renewable energy integration. With reduced harmonic
distortion less than 5%, balanced capacitor voltages, unity power factor, and fewer
components than conventional multilevel inverters, the system proves to be both

efficient and reliable for grid-connection and active filtering applications.



GENERAL CONCLUSION AND
FUTURE WORK

This thesis has presented the modeling, control, and simulation of a multifunctional
solar active power filter based on the PEC9 multilevel inverter. The proposed
system was developed to simultaneously inject photovoltaic (PV) power into the
grid and enhance power quality by mitigating current harmonics and compensating

reactive power drawn by nonlinear loads.

The system integrates a photovoltaic generator, a boost converter using the Perturb
and Observe (P&O) algorithm for maximum power point tracking (MPPT), and a
PEC9 multilevel inverter controlled via Finite Set Model Predictive Control (FS-
MPC). The modified PQ theory was employed for reference current generation,
enabling the inverter to deliver the exact compensating currents required to achieve

a sinusoidal grid current and unity power factor.

The PECY topology, known for its reduced number of switches and passive compo-
nents, proved effective in generating a high-quality nine-level output voltage, which
significantly reduced the Total Harmonic Distortion (THD) of the injected current.
The simulation results confirmed the controller’s ability to track the reference cur-
rent accurately, maintain balanced capacitor voltages (V1 and V2), and ensure a

stable DC-link voltage (Vdc).

The simulation results validate the system’s ability to operate reliably in a grid-
connected environment, and Active power filtering ensuring efficient energy transfer

and enhanced power quality.

In conclusion, the developed PEC9-based solar active power filter successfully com-

bines power generation and power quality improvement in a compact and efficient
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configuration. It represents a promising solution for modern grid-connected PV
systems, capable of meeting both energy delivery and power conditioning require-

ments.

4.13 Future Work

While the system achieved promising results, several enhancements can be explored

in future work:

— Optimization of Control Parameters: The performance of the FS-MPC
depends significantly on the selection of weighting coefficients. Future work
can employ optimization techniques such as Particle Swarm Optimization
(PSO) and Genetic Algorithms (GA) to automatically tune these coefficients
and improve the controller’s adaptability and accuracy under varying condi-

tions.

— Fault-Tolerant Operation: Further investigation into the fault manage-
ment of the PEC9 topology could enhance system reliability. Specifically,
developing intelligent detection and control algorithms to smoothly transition
the system between 9-level, 7-level, and 5-level operation during the bidirec-
tional switch fault, and even produce more levels such as PEC13 topology

would be a valuable improvement.

— Experimental Validation: Building a hardware prototype will be essen-
tial to validate the simulation results and address practical implementation

challenges.

— Extension to Three-Phase Systems: The proposed control strategy and
inverter topology can be extended to three-phase applications to suit indus-

trial and commercial power systems with higher power demands.
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