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 GENERAL INTRODUCTION 

 
In an ideal three-phase system, voltage and current are waves of constant frequency and 

amplitude. On the other hand, the phase current generated by a nonlinear load connected to an 

ideal three-phase power network through a transmission network is not sinusoidal, but consists 

of a superposition of several harmonics and inter-harmonics. By definition, harmonics are a 

periodic sinusoidal component and its frequency is an integer multiple of the fundamental 

frequency, while harmonics refer to any signal element whose frequency is not a multiple of the 

fundamental frequency.  Distorted current causes distribution system voltage distortion [1]. 

There are many non-linear elements that cause power distortion such as power converters, 

electronic consumables, electric arc furnaces and discharge lamps, etc. In addition, transformers 

and motors can also cause power distortion, because they are not characteristically ideal. 

Although nonlinear loads have been around for decades, not only high power industrial 

equipment but also low power electrical equipment. Although low-power applications do not 

cause noticeable distortion, such as the electric arc furnace, multiple low-power devices 

operating simultaneously can cause quite serious problems [2]. 

Distorted voltages and currents have a number of harmful effects, such as creating resonances 

between the inductor and capacitance in the supply network, and overcurrent and overvoltage in 

motors and generators. In transformers, the distorted current cause’s mechanical and thermal 

vibrations, which lead to thermal and mechanical effects that degrade the insulation. Distortion 

also reduces the accuracy of various measuring instruments and degrades the operating 

characteristics of power system protection. In addition, communication systems and electronic 

consumers may be disrupted or damaged [3]. 

Passive filters are commonly used to reduce distortion from harmonic currents in industrial 

power systems, but their performance depends on the system impedance and the harmonic 

currents of nonlinear loads, making them ineffective in some situations in certain conditions. and 

create opportunities for harmonic propagation  in the power system [4]. 

To overcome these disadvantages, positive energy filters have been introduced. They introduce 

harmonic voltage or current of appropriate amplitude and phase angle into the system and 

compensate for the harmonics of non-linear loads [5]. 

Many configurations of active filters have been introduced in the literature. The filters that best 

meet today's industry constraints are parallel-operated filters, series-series filters, or series-

parallel combinations. In the case of non-linear source current, a parallel filter is the best solution 

to reduce low and medium power noise. Active filtering is most beneficial when fast response is 

required under dynamic loads. On the other hand, it is important to note that the performance of 

active filters is deeply linked to the algorithm for detecting harmonic references as well as the 

method used to track these references [5][6]. 
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The first chapter is dedicated to the presentation of disturbances in the power supply networks in 

current and voltage in connection with non-linear loads, as well as the origin of these 

disturbances and their consequences in electrical systems. Then the techniques and methods for 

decontamination of electrical networks are presented. 

The second chapter is dedicated to the study of the three-phase parallel active filter, we will 

show the different constituent elements of the filter, the different control circuits of the DC bus 

voltage and the monitoring circuit of the reference harmonic currents. 

In the third chapter, we present the most widely used strategies for detecting harmonic currents, 

such as: the instantaneous active and reactive power method, the synchronous reference method, 

notch filter method and the filter-based method Multivariable. Detailed analytical study of each 

of these methods is presented to evaluate the performance of each algorithm. 

The fourth chapter will be devoted to the study and controlňof a two-level and multi-level Z 

source inverter. 

Finally, in chapter five, we integrate Z-source inverter into active harmonic filters 
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I.1 Introduction 

 

Electric power systems and grids represent intricate and dynamic networks. They are susceptible 

to unexpected or sudden fluctuations in currents and voltages, primarily caused by a variety of 

linear and non-linear loads. Additionally, various types of grid disturbances, including accidents, 

can further exacerbate these fluctuations [7]. The widespread adoption of power semiconductors 

in industrial and domestic applications has led to the contamination of electric grids with 

harmonic currents and voltages. These harmonics adversely affect the normal operation of most 

grid-connected devices, resulting in significant economic losses. Numerous classic and modern 

solutions have been proposed in the literature to address harmonic problems. This chapter will 

explore the harmonic issue as one of the most common power quality concerns. Subsequently, 

various modern and traditional solutions will be discussed. 

I.2  Power Systems Distortion and Problems 

 

Within power systems, various voltage and current challenges may arise. The primary voltage 

issues encompass short-duration variations, voltage interruptions, frequency fluctuations, voltage 

dips, and harmonics. Harmonics, in particular, constitute the predominant concern regarding 

power system currents. 

I.2.1 Voltage Variation for Short Duration 

 

Short-duration voltage variations occur due to malfunctions in certain systems or simultaneous 

starting of numerous electrical loads. These anomalies can lead to fluctuations in voltage 

amplitude, including increases or decreases, or even complete voltage cancellation within a brief 

timeframe [7]. An increase in voltage is characterized by a deviation ranging from 10% to 90% 

of the nominal voltage, as specified in the IEEE 1159-1995 standard. This deviation can persist 

from half a cycle to one minute. Similarly, as per the same reference, voltage increase is defined 

when the voltage amplitude reaches approximately 110% to 180% of its nominal value. 

I.2.2 Voltage Interruption 

 

Voltage cut-off occurs when the voltage of the load drops to less than 10% of its nominal value 

for a brief period lasting less than one minute. Voltage interruption may result from faults within 

the electrical system, malfunctions in connected equipment, or inadequate control systems. The 

primary defining feature of voltage interruption is the duration over which it occurs. 

 

 

 



Chapter Ⅰ:                                                   General information on electrical network disturbances 

  

5 

 

I.2.3 Frequency Variations 

 

Under normal circumstances, the frequency of the distribution grid should fall within the range 

of 50±1 Hz. Frequency variations in the grid may manifest for customers utilizing auxiliary 

electric sources such as solar systems or thermal stations. These deviations are infrequent and 

typically occur under exceptional conditions, such as turbine malfunctions. 

I.2.4 Unbalance in Three Phase Systems 

 

When the currents and voltages in a three-phase system do not possess identical amplitudes or 

when the phase angle between any two phases deviates from 120°, the system is considered 

unbalanced. Ideally, a three-phase system should be balanced with equal loads across all phases. 

However, in reality, loads vary, and distribution grid issues may further complicate matters. 

I.2.5 Voltage Dips (Sags) 

 

Voltage dips manifest as periodic disturbances, arising naturally from transistor switching and 

the start-up of large loads such as motors, elevators, lighting systems, heaters, and the like. These 

occurrences can adversely affect the operation of protection equipment. 

I.2.6 Harmonics 

 

Power systems are engineered to operate at standard frequencies of either 50 or 60 Hz. 

Nevertheless, certain types of loads generate currents and voltages with frequencies that are 

integer multiples of the fundamental frequency, resulting in harmonic distortion—a form of 

electrical pollution. Harmonic distortion manifests as additional frequency components in the 

waveform. In power systems, two main types of harmonics are encountered [8]: 

Synchronous harmonics: These harmonics comprise sinusoidal waveforms with frequencies that 

are integer multiples of the fundamental frequency. The multiplication factor is commonly 

referred to as the harmonic number. Synchronous harmonics can be further categorized into: 

 Sub-harmonics: Occur when the harmonic frequency is less than the fundamental 

frequency. 

 Super harmonics: Occur when the harmonic frequency exceeds the fundamental 

frequency. 

Harmonics, akin to overtones in music, refer to integer multiples of an instrument's fundamental 

or natural frequency, generated by a succession of standing waves of increasing order. Similarly, 

in power circuits, nonlinear loads produce harmonic currents that are integer multiples of the 

supply's fundamental frequency. The proliferation of solid-state power electronics has 

significantly augmented both the quantity and magnitude of these loads. The notion of harmonics 

was introduced in the early 19th century by Joseph Fourier, who demonstrated that all periodic 
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non-sinusoidal signals can be expressed as an infinite sum or series of sinusoids with 

discontinuous frequencies, as indicated by Equation ( I-1). 

   0 cos
a

h h

h

i t I I h t 


    ( I-1) 

The component 0I within the Fourier series represents the direct component, while the initial 

term of the summation with index h=1 corresponds to the fundamental frequency of the signal. 

The remaining components of the series are referred to as harmonics within the h range. 

Illustrated in Figure is the waveform containing the third harmonic (h=3). Within the three-phase 

electrical grid, the primary harmonic components consist of harmonics within the ranges of 

(6*h±1) [9]. 

 

Figure  I.1 Harmonic content of a signal and its fundamental. 

The exciting current of transformers, arc furnaces, rectifiers, and various other loads can 

introduce harmonics into utility lines. To regulate the impact of these harmonics, most utilities 

adhere to the permissible harmonic current levels outlined in the IEEE 519 standard. 

I.2.6.1 Total Harmonic Distortion (THD) 

 

The total harmonic distortion (THD) of a signal quantifies the harmonic distortion within current 

or voltage. It is computed as the ratio of the sum of the powers of all harmonic components to 

the power of the fundamental frequency. Harmonic distortion arises from the inclusion of 

waveforms at frequencies that are multiples of the fundamental frequency. 

 

2

2

1

%

a

i

i

x

THD
x





 

( I-2) 
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The Total Harmonic Distortion (THD) serves as a valuable metric in numerous applications and 

stands as the most widely utilized harmonic index. Nonetheless, it possesses a limitation in that it 

does not effectively indicate the voltage stress on a capacitor, as this is associated with the peak 

value of the voltage waveform [10]. 

I.2.6.2 Distortion Factor  

 

The distortion factor dF  is expressed as the ratio of the RMS value of the fundamental to that of 

the signal. It is mathematically defined as: 

1L
d

rms

I
F

I
  ( I-3) 

 

When the current is purely sinusoidal, the distortion factor is equal to unity, but it diminishes as 

distortion becomes evident. 

I.2.6.3 Crest Factor  

 

The crest factor of a signal, denoted as Fc, is specified by Equation ( I-4): 

c

crest value
F

effective value
  ( I-4) 

 

In sinusoidal waves, the crest factor equals 1.41. However, it can reach a value of 5 in instances 

of highly distorted waves 

I.2.6.4 Effects of Harmonics 

 

Harmonic currents entering the utility feeder can lead to various issues. These currents might 

become trapped by power factor correction capacitors, causing overloads or triggering resonant 

over-voltages. Furthermore, they have the potential to distort the feeder voltage sufficiently to 

disrupt the operation of computers, telephone lines, motors, and power supplies, and in severe 

cases, even result in transformer failures due to eddy current losses. To address this, harmonic 

currents can be mitigated by installing series LC filters tuned to the offending frequencies. These 

filters should be designed to exhibit low impedance at the resonant frequency compared to the 

source impedance at that frequency. However, there's a caveat. If a filter is installed with a series 

resonance at the 7th harmonic, it will also create a parallel resonance with the utility at a lower 

frequency when the source inductance is combined with the filter inductance. Should this 

parallel resonance coincide with or closely align with the 5th harmonic, it could lead to the 

previously described resonant over-currents. Additionally, the installation of series resonant traps 

inevitably introduces parallel resonances at frequencies below the trap frequencies. To mitigate 

these risks, it is recommended to install multiple resonant traps, starting with the lowest 
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harmonic frequency of concern and then proceeding sequentially to higher-frequency harmonics. 

If these traps are switched, they should be activated in sequence, beginning with the lowest 

frequency trap, and deactivated in sequence, commencing with the highest frequency trap [11]. 

The threshold for voltage or current distortion is dictated by the susceptibility of loads (including 

power sources), which are impacted by the distorted parameters. Among various types of 

equipment, heating appliances exhibit the lowest sensitivity. Conversely, the most sensitive 

equipment comprises electronic devices designed under the assumption of nearly ideal sinusoidal 

fundamental frequency voltage or current waveforms. Electric motors represent a common load 

type positioned between these two extremes. 

I.2.6.5 Power Factor 

 

Power factor refers to the ratio of real power to volt-amperes and represents the cosine of the 

phase angle between voltage and current in an AC circuit. These parameters are precisely 

defined in systems characterized by sinusoidal voltages and currents. Improving power factor 

entails the addition of capacitors to the power line, which draw a leading current and supply 

lagging VArs to the system. Power factor correction capacitors can be toggled as required to 

uphold VAr and voltage control [11]. 

In the case of a sinusoidal signal, the power factor is determined by the quotient of active power 

divided by apparent power. Typically, parameters for electrical equipment are provided based on 

nominal voltage and current. A low power factor may suggest inefficient utilization of these 

devices. Apparent power can be defined as: 

2

0

1
. .

T

rms rms rms LS V I V i dt
T

    ( I-5) 

 

The active power P can be given by the relation: 

 

1. .cos( 1)rms LP V I   ( I-6) 

 

The reactive power Q is defined by: 

 

1. .sin( 1)rms LQ V I   ( I-7) 

 

The power factor in this case can be given by Eqn.( I-8). 
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2 2
.

P P
P F

S P Q
 


 ( I-8) 

 

In the case where there is harmonics, a supplementary power called the distorted power D 

appears. This power can be given by the relation ( I-9). 

 

2

2

.rms Ln

n

D V I




   ( I-9) 

 

The apparent power can then be expressed as: 

 

2 2 2S P Q D    ( I-10) 

 

From eqn. ( I-10), we can notice that the power factor decreases because of the existence of 

harmonics in addition to the reactive power consumption [12]. The Fresnel diagram of the power 

is given in Figure  I.2. 

 

Figure  I.2 Fresnel representation of the power [13]. 

 

:           . 

1:           1. 

:                

The phase between active power P and apparent power S

The phase between active power P and apparent power S

The phase between apparent power in a linear system and that in a non linear sy





  . stem
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I.3 Harmonic Currents Sources 

 

The primary source of harmonics arises from the introduction of harmonic currents by non-linear 

loads. Among these loads, diode bridges stand out as prominent contributors in power 

applications due to their inherent non-linear characteristics, which do not require control and 

offer longevity at a low cost [9]. Additionally, numerous other loads contribute to harmonic 

generation, including [10][14]: 

 Industrial equipments (welding machines, arc furnaces, induction furnaces, rectifiers). 

 Offices equipments (computers, photocopiers,…etc.). 

 Domestic devices (TVs, micro-wave furnaces, neon lightening,…etc.). 

 Power inverters. 

 Power transformers when working in the saturation zone also are considered as non-

linear loads that produce harmonics. 

The operation of non-linear loads results in the generation of harmonic currents, which 

subsequently propagate throughout the electrical grid. As these harmonic currents traverse the 

feeding impedances, such as transformers and the grid itself, they induce harmonic voltages 

within these feeders. It's important to note that the impedance of conductors increases with the 

frequencies of the currents they carry, resulting in different impedances for each range of current 

harmonics. Consequently, harmonic currents within a specific range, denoted as h, engender 

harmonic voltages across the impedance. Consequently, all loads connected to the same point 

will experience the same perturbed voltage [14]. The per-phase equivalent circuit of a non-linear 

load connected to the grid is illustrated in Figure  I.3. 

 

Figure  I.3 Equivalent circuit per phase of a non-linear load connected to the grid [12]. 

 

The spread of harmonic currents from different loads can be represented as in Figure  I.4. 
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Figure  I.4 Spread of harmonic currents into the grid [14]. 

 

I.4 Economic effects of harmonics 

 

 Premature aging of materials which forces its replacement, in addition to an initial over 

sizing of these materials. 

 The overloading of the grid which implies to increase the nominal power and to oversize 

the installations, causing more and more losses. 

 The current distortions cause sudden triggers and the stop of production equipments. 

The expenditure incurred due to material costs, energy consumption, and production 

inefficiencies significantly impairs the competitive edge and operational efficiency of 

manufacturing facilities and corporations. 

I.5 Solutions for the Harmonics 

 

Addressing the filtration of grid currents and voltage presents a fundamental challenge for both 

distributors and consumers alike. This is primarily due to the disparate application of harmonic 

emission regulations across various countries, prompting manufacturers of electrical devices to 

engineer products that comply with international standards' conditions and thresholds. In 

response, electric utility companies employ diverse filtering equipment and actively support 

research endeavors aimed at identifying novel, efficient solutions to power quality issues. 

Additionally, consumers sometimes opt to install reactive power and harmonic compensation 

units to enhance power factor and mitigate energy consumption costs.  

A plethora of traditional and contemporary approaches for harmonics mitigation and power 

quality enhancement have been proposed in academic literature. While some focus on load 
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optimization to minimize harmonic emissions, others advocate for the adoption of external 

filtering devices to curtail the propagation of harmonics within the grid [15]. 

I.5.1 In-Line Reactors 

 

The implementation of an in-line reactor or choke represents a straightforward remedy for 

managing harmonic distortion arising from adjustable speed drives. This solution entails the 

integration of a relatively modest reactor or choke at the drive's input. The induction offered by 

this component impedes rapid capacitor charging, compelling the drive to draw current over an 

extended duration. Consequently, this mitigates current magnitude with considerably reduced 

harmonic content, all while maintaining consistent energy delivery [16]. 

I.5.2 Transformers with Passive Coupling 

 

Certain configurations of triangle zigzag coupling in transformers enable the suppression of 

third-order harmonics and their multiples. However, the trade-off for employing these coupling 

schemes is an increase in source impedance, consequently leading to heightened voltage 

harmonic distortion  [9][16]. 

I.5.3 Passive Filters [9]  

 

The most commonly utilized method for harmonic reduction is the passive filter, known for its 

relatively lower cost compared to alternative techniques. This approach involves tuning 

inductors, capacitors, and the load resistance to regulate harmonics. However, passive filters can 

introduce complications to power systems. Essentially, they are engineered to divert harmonics 

away from lines or obstruct their passage through specific system components by aligning 

elements to resonate at targeted frequencies. These filters are pre-set and fine-tuned based on the 

impedance of their connection points, rendering them unable to instantly adapt to load variations. 

Consequently, alterations in load impedance can unexpectedly modify their cutoff frequency, 

potentially leading to resonance with other system elements. 

I.5.3.1 Resonant Filter 

 

The resonant passive filter illustrated in Figure  I.5 comprises an inductor connected in series 

with a capacitor, the values of which are determined based on the targeted harmonic frequencies 

for elimination. This filter is characterized by low impedance at the specified harmonics and 

sufficient impedance at the fundamental frequency. Consequently, a separate filter is required for 

each harmonic range slated for elimination [12]. The equivalent circuit of this resonant filter, 

incorporating the harmonic source and grid impedance, is depicted in Figure  I.6. 
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Figure  I.5 Resonant filter in parallel with non-linear load [12]. 

 

Figure  I.6 Harmonic equivalent circuit of passive filter with the grid impedance [12][17]. 

I.5.3.2 Amortized Filter or High Pass Filter of Second Order 

 

The second-order high-pass filter depicted in Figure  I.7 is composed of passive elements RLC. 

This filter is designed to attenuate harmonics across a broad frequency spectrum. Typically, it is 

employed for the suppression of high-order harmonics that are significantly distant from the 

system's fundamental frequency. 

 

Figure  I.7 a) Diagram of the high pass filter. b) Equivalent circuit of the HPF. 
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I.5.3.3 Resonant Amortized Filter 

 

These filter assemblies consist of resonant filters tailored to specific harmonic frequencies, 

linked in parallel with a high-pass filter to target the higher harmonics. The configuration of 

connecting resonant filters for the 5th  and 7th  harmonics with a high-pass filter is 

illustrated in Figure  I.8. 

 

Figure  I.8 a) Diagram of the connection of amortized resonant filters. b) Equivalent circuit 

diagram. [17]  

Conventional methods commonly employed for mitigating harmonics and correcting power 

factor typically involve the integration of passive filters connected in parallel to intercept 

harmonic currents. These filters typically consist of either second-order resonant filters or 

amortized high-pass filters. While these solutions are straightforward and commonly 

implemented, they are also associated with significant drawbacks [12]:  

 Designing a filter necessitates a basic understanding of the electric grid's configuration. 

 The sizing of the filter relies on both the harmonic spectrum and the impedance of the 

grid. 

 Voltage harmonics can result in the generation of certain current harmonics by passive 

filters, which are then injected into the grid. 

 Changes in the source frequency impact the compensation characteristics of passive 

filters. In power systems, we typically account for significant frequency variations, often 

around 0.5 Hz. 

 Any alterations to the grid, such as restructuring or the addition of new clients, can 

influence the compatibility of the passive filter. Therefore, any changes made to the grid 

must be accompanied by corresponding adjustments to the passive filter. 

 There exists a potential for resonance to occur between the grid and the passive filters at 

particular frequencies. To address this issue, the quality factor of the filter is decreased, 

resulting in increased consumption of active power. 

 These circuits exhibit capacitance at the fundamental frequency and are regarded as 

sources of reactive power. 
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These challenges render the application of passive filters problematic and ineffective in 

numerous scenarios. Given the dynamic nature of grid parameters and the variability of 

harmonic spectra, constructing passive filters tailored solely to specified harmonics proves 

insufficient for eliminating grid harmonics. 

I.6 Modern Solutions for Harmonics Problems 

 

Novel approaches have been suggested as effective remedies for eradicating electric grid 

harmonics, aiming to overcome the drawbacks associated with traditional methods such as 

passive filters [1]. Among these solutions, two predominant categories have emerged as the most 

commonly utilized: 

 Active filters, whether implemented in series, parallel, or a combination of both within a 

Unified Power Quality Conditioner (UPQC). 

 Hybrid filters, incorporating both active and passive filter elements simultaneously. 

I.6.1 Active Power Filters 

 

The primary role of active power filters (APFs) is to produce harmonic currents or voltages in 

such a way that the grid current or voltage maintains a sinusoidal waveform. These APFs can be 

connected to the grid either in series (Series APF) or in shunt (SAPF) to compensate for voltage 

or current harmonics, respectively. Alternatively, they can be combined with passive filters to 

form hybrid filters (HAPF). 

Active filters represent a relatively recent advancement in harmonic elimination technology. 

Operating on power electronic principles, they typically come at a higher cost compared to 

passive filters. However, they offer significant advantages, notably; they do not resonate with the 

power system and operate independently of system impedance characteristics. This 

independence makes them suitable for challenging scenarios where passive filters fail due to 

resonance issues and where they do not interfere with other elements within the power system 

[16]. 

Active filters offer numerous advantages over traditional methods for harmonic compensation, 

including [9]: 

 Flexibility to adjust to load variations. 

 Capability for selective compensation of harmonics. 

 Capacity limitations in power compensation. 

 Potential for compensating reactive power. 

 

I.6.1.1 Series Active Power Filter (series APF) 
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The objective of the series Active Power Filter (APF) is to alter the impedance of the grid at a 

local level. Functioning as a harmonic voltage source, it counteracts voltage disturbances 

originating from the grid or those induced by the flow of harmonic currents through the grid 

impedance. Nevertheless, series APFs are incapable of compensating for the harmonic currents 

generated by the loads themselves. 

 

Figure  I.9 Series active power filter connected to the grid [1]. 

I.6.1.2 Shunt Active Power Filter (SAPF) 

 

Shunt Active Power Filters (SAPFs) are linked in parallel with the loads generating harmonics. 

Their role is to promptly inject harmonic currents, thereby offsetting those absorbed by the non-

linear loads. This action aims to restore the grid current to a sinusoidal waveform. 

 

Figure  I.10 Shunt APF connected in parallel with non-linear load [1]. 
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I.6.1.3 Combination of Parallel and Series APF (UPQC) 

 

Figure  I.11 illustrates the integration of two Active Power Filters (APFs) in parallel and series 

configurations, also known as a Unified Power Quality Conditioner (UPQC). This arrangement 

amalgamates the benefits of both series and parallel APF types, enabling the concurrent 

attainment of sinusoidal source current and voltage [1]. 

 

Figure  I.11 Unified Power Quality Conditioner’s Diagram [1]. 

I.6.2 Hybrid Filters 

 

The hybrid filter represents a filter topology that combines the advantages of both passive and 

active filters. Due to this integration, it is regarded as the optimal solution for mitigating 

harmonic currents within the grid. The primary catalyst for the adoption of hybrid filters is the 

advancement in power semiconductor technology, exemplified by devices like MOSFETs and 

IGBTs. Moreover, from an economic standpoint, hybrid power filters offer the advantage of 

reducing the cost associated with Active Power Filters (APFs) [18]. 

Hybrid power filters can be categorized based on several factors, including the number of 

elements employed in the topology, the type of system being treated (such as single-phase, three-

phase three-leg, or four-leg systems), and the type of inverter utilized (whether it is a current 

source inverter or a voltage source inverter) [1]. 

I.6.2.1 Series Association of Active Filter with Passive Filter 
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In this configuration, the active filter is linked in parallel with the passive filter, with both 

connected in shunt with the load, as illustrated in Figure  I.12. The passive filters address specific 

harmonic bands, while the active filter compensates for the remaining grid harmonics. 

 

Figure  I.12 Series association of SAPF and passive filter [12]. 

 

I.6.2.2 Parallel Association of SAPF with Passive Filters 

  

In this topology, the active filter is connected in parallel with the passive filter. Both of them are 

shunted with the load as shown in Figure  I.13. The passive filters compensate certain harmonic 

ranges, while the active filter compensates the rest of the grid harmonics. 

 

Figure  I.13 Parallel association of SAPF and passive filters [12]. 
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I.6.2.3 Series Active Filter with Passive Filter 

 

The arrangement depicted in Figure  I.13 mitigates the potential for anti-resonance between the 

components of the passive filter and the grid impedance. Here, the series active filter acts as a 

resistance against harmonic currents, directing them towards the passive filter while preserving 

the integrity of the fundamental frequency [1]. 

 

Figure  I.14 : Series active power filter with passive filter [1]. 

I.7 Non-Linear Loads 

 

When the current drawn by electrical equipment diverges from the voltage applied across it, the 

equipment is deemed to exhibit a nonlinear relationship between input voltage and current [12] 

[14] . Any equipment incorporating rectification falls into the category of nonlinear loads. These 

loads produce voltage and current harmonics, which can detrimentally affect equipment designed 

for linear operation. Transformers responsible for supplying power to industrial settings 

experience increased heat losses when connected to harmonic-generating sources (nonlinear 

loads). 

I.7.1 Modeling of the Non-Linear Load (Diode Bridge with Inductive Load) 

 

The non-linear load consists of a three-phase bridge rectifier linked to the grid via a line inductor

 ,  l lL R , supplying power to an inductive load  ,  dc dcR L , depicted in Figure  I.15. 
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Figure  I.15 Diode bridge rectifier with RL load. 

To simplify matters, we assume the rectifier to be ideal. Two diodes on the same leg of the 

rectifier cannot be in the same state simultaneously. If 1D is conducting, one of the diodes, either 

5D or 6D , must also be conducting. It is established that 1D conducts when the voltage sav

exceeds both sbv vsb and scv , or: 

( ) ; 1,2,3sa sjv Max V j   ( I-11) 

 

The same condition is applied on the other diodes and we find: 

3

( ) ; , 1,2,3

( ) ; , 1,2,3

i si sj

i si sj

D passesif v Max V i j

D passesif v Min V i j

 

 
 ( I-12) 

 

The output voltage is given then by: 

( ) ( ); 1,2,3dc sj sjU Max V Min v j    ( I-13) 

 

From where we can calculate the average of the output voltage, it is given by: 

3 3 3 3
2 1.654 2dc peakU v v v

 
    ( I-14) 

 

Figure  I.16 shows the output voltage of the three phase diode rectifier and the line voltage on the 

PCC. 
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Figure  I.16 Input and output voltage of three phase bridge rectifier. 

 

I.8 Shunt Active Power Filter 

 

The concept of utilizing active power filters to address harmonic issues and provide reactive 

power compensation was introduced over two decades ago [19]. It has demonstrated its 

capability to regulate grid currents and enhance power quality. The theories and applications of 

active power filters have gained popularity and garnered significant attention. Unlike passive 

harmonic filters, which are susceptible to component degradation and resonance issues, active 

power filters offer a promising solution for both reactive power compensation and harmonic 

current elimination. As previously mentioned, the Shunt Active Power Filter (SAPF) is 

connected in parallel with the nonlinear load, effectively acting as another controlled nonlinear 

load. To the grid, the system comprising the nonlinear load and the SAPF appears as a linear 

load connected to the Point of Common Coupling (PCC). When compensating reactive power, 

this load appears resistive; otherwise, it may appear as either an inductive or capacitive linear 

load. 

The typical configuration of the Shunt Active Power Filter (SAPF) consists of either a two-level, 

three-level, or multilevel voltage source inverter, along with a DC power storage capacitor, input 

low pass filter, and the corresponding control circuitry. The construction and control principles 

of the SAPF will be addressed in the subsequent chapter of this study. 
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I.9 Conclusion 

 

The goal of this chapter is to establish a collection of information about the most common 

problems in electrical networks. First, we have listed different types of faults in general such as 

short-time voltage variations, voltage interruptions, frequency variations and finally faults 

related to current and power imbalances. Pressure stress by showing the consequences of an 

imbalance.  

Then, we turned to problems of harmonics, the object of this work, we studied their origin and 

their consequences for electrical installations, some standards for waves Harmonic has been 

presented along with decontamination techniques and methods of network supply .  

Then, we moved on to the presentation of passive filters as well as the different configurations of 

these filters the operating principle of active filters is demonstrated with a presentation of active 

filter classification methods in the literature. 
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II.1 Introduction 

 

The depollution of the electrical grid and the maintenance of a desired voltage at the connection 

point regardless of the current absorbed by the non-linear load are ensured through various 

control structures of active filtering. As previously mentioned, the filtering structure by parallel 

voltage inverter with the non-linear load is the most prevalent solution in industrial installations, 

known as the parallel active filter (PAF) of voltage type [2]. 

The parallel active filter is therefore the prudent choice we consider in this thesis, as the 

appropriate solution to harmonic problems. The operational principle, power circuit 

configuration, dimensioning, and control strategy of the active filter will be the focus of this 

chapter. 

II.2 Principle of parallel active filtering 

 

The shunt active power filter mitigates current harmonics by injecting compensating currents of 

equal magnitude but opposite phase into the grid. In this case, the shunt active power filter 

functions as a current source, injecting harmonic components generated by the load but shifted in 

phase by 180° [3]. This principle is applicable to any type of load deemed a harmonic source. 

Furthermore, with an appropriate control scheme, the active power filter can also improve the 

load power factor. Consequently, the power distribution system perceives both the non-linear 

load and the active power filter as an ideal resistor. The current compensation characteristics of 

the shunt active power filter are depicted in Figure  I.1 [20]. 

 

Figure  II.1 Compensation characteristic of shunt active power filter [20]. 
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II.2.1 Power part 

 

The power section primarily consists of a static converter, which serves as the source of 

compensation current, comprising a voltage or current inverter based on controllable power 

switches with anti-parallel diodes for commutation and blocking, an output filter, and an energy 

storage circuit, either capacitive in the case of a voltage inverter or inductive in the case of a 

current inverter. 

Figure  II.2  shows a three-phase voltage structure inverter. The active filter is connected to the 

network via an inductive output filter fL . 

 

Figure  II.2  Three-leg voltage inverter used in a voltage-structured active power filter (APF). 

The switches are reversible in current. They include semiconductor components that are 

controlled in opening and closing. It can be MOSFET, IGBT or GTO.  MOSFET are for low 

power and very high frequency switching, IGBT are for high power and high switching 

frequencies, GTO are for very high power with a limit related to the allowed switching 

frequencies. These switches are mounted in parallel with the power diodes to ensure conduction 

continuity in the voltage inverter, Figure  II.3. 

 

Figure  II.3 Equivalent switches. 
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II.2.2 Command part 

 

The control part consists mainly of the following elements: 

♦ Identification of reference currents (which will be the subject of the next chapter) 

♦ Tracking of reference currents 

♦ DC bus voltage regulation 

♦ Modulation 

II.2.2.1 The pursuit of reference currents 

 

The structure of a voltage filter operating in parallel does not allow simultaneous closing of 

semiconductors of the same branch under the punishment of short-circuiting the storage 

capacitor. Otherwise, the same timeout branch, aka dead time, needs to be inserted between one 

switch's blocking command and the other switch's bait command. In the case of instantaneous 

switching, this mode of operation will not be taken into account and therefore there is no risk of 

short-circuiting the capacitor. 

The control of the two semiconductors of the same arm is done in a complementary way, that is 

to say, if the first is open the other is closed. With this principle, the opening and closing of the 

inverter switches in Figure  II.2 depend on the state of the control signals 1 2 3( , , )S S S , as shown 

below: 

           
1 4

1

4 1

1 closed open

0 closed open

T T
S

T T


 


 ( II-1) 

  

 
2 5

2

5 2

1 open

0 open

T closed T
S

T closed T


 


 ( II-2) 

  

 
3 6

3

6 3

1 open

0 open

T closed T
S

T closed T


 


 ( II-3) 

  

The voltages between phases, imposed by the inverter, are then defined by: 

1 2 1 2

2 3 2 3

3 1 3 1

f f

f f dc

f f

v v S S

v v S S V

v v S S

   
   

     
      

 ( II-4) 
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The output voltages of the inverter, denoted 1 2 3, ,f f fv v v  are referenced with respect to another 

network neutral and satisfy the following equations: 

1 1 1

2 2 2

3 3 3

f s f

f s f f

f s f

v v i
d

v v l i
dt

v v i

    
    

     
        

 ( II-5) 

  

The network voltages being assumed to be balanced, and knowing that the sum of the currents 

injected by the inverter is zero, allows us to write: 

1 2 3

1 2 3

0

0

s s s

f f f

v v v

i i i

  


  

 ( II-6) 

  

We can deduce from equations ( II-5) and ( II-6) the following relation: 

1 2 3 0f f fv v v    ( II-7) 

  

Equations ( II-4) and ( II-7) can be solved and we get: 

1 1 2 3

2 1 2 3

3 1 2 3

2

2
3

2

f

dc
f

f

v S S S
V

v S S S

v S S S

    
   

     
      

 ( II-8) 

 

Thus, we can express eight possible cases of output voltage of the active filter fV  (referred to 

neutral n of the source), as shown in Table  II.1. fV represents the voltage vectors that the 

inverter must produce in order to generate the reference voltages, this is only possible if the 

vector formed by the latter remains inside the hexagon shown in Figure  II.4 [21]. The parallel 

active filter is connected to the mains through an inductive filter ( )fl  to provide controllability of 

the power filter current and also acts as a first order passive filter to suppress high frequency 

ripples produced by switching of the inverter. Neglecting the effects of the capacitor C of the 

output filter on the reference current injI  (for the low frequency harmonics which are far from the 

switching frequency of the switches), we can write the following relation characterizing the 

current of the active filter injI : 

 

f inj f s

d
L I V V

dt
   ( II-9) 
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Table  II.1 Inverter output voltages. 

caseN 

 1S
 2S

 3S
 1fV

 2fV
 3fV

 fV
 

0  0  0  0  0  0  0  0  

1 1 0  0  2 3dcv
 

3dcv
 

3dcv
 

2

3
dcv

 

2  0  1 0  3dcv
 

2 3dcv
 

3dcv
 

2

3
2

3

j

dcv e


 

3  1 1 0  3dcv
 

3dcv
 

2 3dcv
 

3
2

3

j

dcv e


 

4  0  0  1 3dcv
 

3dcv
 

2 3dcv
 

2

3
2

3

j

dcv e




 

5  1 0  1 3dcv
 

2 3dcv
 

3dcv
 

3
2

3

j

dcv e




 

6  0  1 1 2 3dcv
 

3dcv
 

3dcv
 

2

3

j

dcv e 

 
7  1 1 1 0  0  0  0  

(1)fV

(2)fV(3)fV

(4)fV

(5)fV (6)fV





refV

(7)fV (0)fV

 

Figure  II.4 Vector representation of the voltage vectors provided by the voltage inverter. 

Consider fI the difference between the reference current and the measured current: 

f ref injI I I    ( II-10) 

  

From equations ( II-9) and ( II-10), we obtain the following expression: 
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( )f f s f ref f

d d
L I V L I V

dt dt
     ( II-11) 

  

The term in parentheses of relation ( II-11) can be defined as the reference voltage
reffV , which 

gives us the following relation: 

reff s f ref

d
V V L I

dt
   ( II-12) 

 

The difference between 
reffV  and fV  then creates an error on the current. According to equation 

( II-12), the reference voltage is summed by two terms at different frequencies. The first is the 

network voltage that can be directly measured sV . The second value represents the voltage drop  

 

 






Regulator

_f refV fV
( )G s 1

l s
f

sV

injIrefI

 

Figure  II.5 Diagram of filter current regulation. 

Across the terminals of the inductor fl , when the second inductor is crossed by a current equal to 

the reference current. This term must be found by a current regulator, as shown in Figure  II.5. 

In this diagram, ( )G s represents the gain function of the inverter given by: 

1
( ) .

.
G s K

s
  ( II-13) 

 

2

dc

p

V
K

V
  ( II-14) 

With: 

dcV : The voltage on the DC side of the inverter. 

pV : The amplitude of the triangular carrier. 

 : The delay caused by the calculation of the disturbing currents. 
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The regulator must satisfy the general objectives of the regulation as well as the constraints 

related to the rejection of the disturbances. 

 

 

 

 

Figure  II.6 Simplified diagram of filter current regulation. 

Generally, the most used regulator is the proportional integral (PI)  regulator. Indeed, it is one of 

the simplest to implement (Figure  II.6) [22]. 

The PI proportional-integral regulator is composed of two gains and an integral, where its open-

loop transfer function is given by: 

( ) i
pi p

k
H s k

s
   ( II-15) 

 

Where pk  is the proportional gain and ik  is the integral gain. 

The transfer function Figure  II.6 can be rewritten as: 

1
( )

pi

pi p

pi

s
H s k

s






  ( II-16) 

  

Or: 

p

pi

i

k

k
  is the time constant of the regulator, and 0

0
2 2

i

p

k
f

k



 
  its cut off-frequency. 

The PI-style regulator provides both fast dynamic response and steady-state static error rejection. 

The effect of this type of regulator is illustrated in its Bode diagram in Figure  II.7.  As shown in 

this figure, this regulator has a high gain in the frequency range 00,
2




 
  

, which means it 

manages to attenuate the harmonic components in its pass band. Outside this range, this gain is 

limited, the regulator cannot suppress or attenuate harmonic components. 

II.2.2.2 DC bus voltage regulation 

 

Maintaining voltage at the capacitor terminals is necessary to compensate for losses in the filter 

and to limit variation in dynamic mode. The reference voltage of the DC bus must satisfy the 

current controllability constraint, the following condition must be met [23]. 




k
ik

p s


1

l s
f

injIrefI
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max

max

2

3

ref

dc ref S f

di
V V L

dt


 
   

 
 ( II-17) 

 

 

Figure  II.7 Bode diagram of a PI regulator. 

The average voltage dcv  across the capacitor must be maintained at a constant value. Losses in 

the output switch and filter are the main possible causes of this voltage. The adjustment of the 

DC voltage across the terminals of the storage capacitor must be done by adding the operating 

base currents to the reference currents. The output of the regulator ( )p c  is internally appended 

with a sign of the interfering active power p  and produces the active base current, thereby 

correcting dcv . 

A first-order low-pass filter sufficient to filter out fluctuations, in the case of a rectifier, as a 

nonlinear load. The transfer function of the regulator is given by [21]: 

 

( )
1

c

c

k
FT s

s



 ( II-18) 

With: 

:ck  regulator gain 

:c  time constant 

 

The Bode diagram of this regulator is shown in Figure  II.8 : 
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Figure  II.8 Bode diagram of a low pass regulator 

To describe the relationship between the active power absorbed by the capacitor and the voltage 

across it, the energy stored in the output filter and the switching losses are ignored. We then 

have:  

21
( ) ( )

2
dc

d
P c cv

dt
  ( II-19) 

 

The linearization of equation ( II-19) in the vicinity of the reference voltage 
*

dcv  gives us the 

following expression 

*( ) ( )dc dc

d
P c cv v

dt
  ( II-20) 

  

The closed loop transfer function is of the form: 


 1 c

k
c

s

1

dccv s

dcv*

dcv

 

Figure  II.9 DC voltage regulation loop 
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2

2 2
( )

2

c

c c

F s
s



 


 
 ( II-21) 

  

With: 

*

*

1
,

2

c dc
c

dc c c c

k cv

cv k
 

 
 

 

The regulation is stable for all the values of ck , nevertheless the product c ck   is chosen to have a 

satisfactory damping. 

II.2.2.3 Control by the method of pulse width modulation 

 

By reviewing literature [24], it is possible to trace the historical development of PWM inverter 

control techniques. To clarify the current situation, three distinct approaches need to be 

identified. 

The first,  the most used, because of its ease of implementation by analogous techniques,  is 

based on natural sampling techniques [25][26]. More recently, a second switching strategy has 

been proposed [27], known as conventional PWM, which is considered to have some advantages 

when implemented digitally or microprocessor-based. The third switching approach is called 

optimal PWM, based on minimizing certain performance criteria[28][29]. 

 

 

Figure  II.10  Principle of current control by PWM. 




refI
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Figure  II.11 Control of switches by PWM.  

Most of the PWM voltage inverter type frequency converters use the first natural PWM control 

method, from Figure  II.10, where it can be seen that the triangle signal (carrier) is compared 

directly fed with a sinusoidal modulated signal (reference signal) to determine the switching 

time. , and hence the received pulse duration, see Figure  II.11. It is important to note that the 

logic state and the width of the switching bandwidth are determined by the instantaneous 

intersection between these two signals. 

The resulting pulse duration is proportional to the amplitude of the reference signal at the time 

the switching occurs. This has two important consequences. The first is that the centers of the 

received pulses are unequal or evenly spaced. Second, it is not possible to determine the pulse 

width using analytical expressions [30]. Indeed, according to Figure  II.12 can show that the pulse 

width can only be determined by a transcendental equation of the form [31]: 

 1 21 sin sin
2 2

p m m

T M
t t t 

 
   

 
 ( II-22)  

   

According to this transcendental formula that exists between switching pulses, it is not possible 

to use microprocessor hardware to directly calculate the widths of the modulated pulses. It is 

certainly possible to simulate the process in microprocessor software and use the logic principles 

of the microprocessor to determine the pulse width. 

T

pt

1t 2t

sin( )mM t

 

Figure  II.12 natural PWM. 

Where m is the pulsation of the modulator. 
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II.2.2.4 Control by hysteresis method 

 

The method is powerful and easy to use, in fact it guarantees full control of the current without 

the need for in-depth knowledge of the model of the controlled system. Furthermore, this 

technique is the most suitable solution for current-driven inverters. It is intended to keep the 

required current in a sample, known as the hysteresis band, around the desired reference current. 

The conversion commands are determined based on the error. When the current increases and the 

error exceeds a certain positive value, the state of the switching instructions changes and the 

current starts to decrease until the error reaches a certain negative value, then the switch 

instructions change will change Figure  II.13 and Figure  II.14 [2][32]. 

If simplicity of implementation is the main advantage of this control method, variable switching 

frequency is the main disadvantage of this method. This frequency variation mainly affects the 

operation of power electronics that cannot support high switching frequencies in high power 

applications. 

 

refI

injI
 

Figure  II.13 Principle of current control by hysteresis 
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Figure  II.14 Control of switches by hysteresis 
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In order to solve the problem of variable switching frequency, new hysteresis control strategies 

such as modulated hysteresis [33][34], variable band hysteresis [19][35], have been proposed. 

II.3 Parallel active filter control strategies 

 

Implementing a parallel active filter to compensate for harmonic currents requires generating 

initial reference currents, and then regulating these generated reference currents. For this 

purpose, the FAP control consists of two main blocks: the control part and the source part. The 

control section contains identification and adjustment of reference harmonic currents and a DC 

bus tuning loop. The power section contains an output filter that connects the FAP to the mains, 

a parallel active filter, and a capacitive storage element. 

II.4 Simulation of the entire network, parallel active filter and non-linear load 

 

Simulating the network, active filter, and non-linear load combination is an important step to 

study the parameters and operation of the active filter in harmonic current compensation. After 

the system description phase to be studied, a set of simulation results will be processed and 

discussed, highlighting the main currents associated with the active filter. 

II.4.1 Description of the assembly, network, active filter and non-linear load 

 

The considered system consists of a power supply network, a diode bridge rectifier representing 

the nonlinear load and an active filter with voltage structure,  

Figure  II.15. 

II.4.1.1 Electrical Network Modeling 

 

The electrical network is represented by a sinusoidal voltage source in series with an impedance, 

called a short circuit, from which the network is modeled by a balanced three-phase fem , by an 

inductance sL and a resistance sR Figure  II.16 

 

 
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2
2 sin

3

2
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t
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  
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 ( II-23)  
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Figure  II.15 Synoptic diagram of the network assembly, parallel active filter and non-linear load. 
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Figure  II.16 Synoptic diagram of the electrical network. 

s s sZ R jL   ( II-24)  
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II.4.1.2 Modeling of the pollutant load 

 

To understand the characteristics and applications of the parallel active filter, it is important to 

discuss the general characteristics of non-linear loads because the majority of high power VA 

industrial loads are provided by three-phase networks. Three wires and have their topology. 

Three-phase rectifier. These loads are sources of harmonic current or voltage that is why 

nonlinear loads are classified into two types: nonlinear loads with harmonic current sources and 

nonlinear loads with harmonic voltage sources. 

Figure  II.17.a shows a typical three-phase thyristor rectifier with an inductor and a resistor on the 

DC side. Due to the sufficient value of the DC side inductance, it produces almost constant 

current. The harmonic current content a the rectifier input (load current) depends mainly on the 

rectifier, with a typical THD value of 25-30%.Therefore, this type of load acts as a source of 

harmonic current. 

However, as shown in Figure  II.17.b, a diode rectifier with a capacitor on the DC side is an 

example of a nonlinear load of a harmonic voltage source. Although the harmonic current 

content at the input of the rectifier is affected by the impedance of the AC side and is highly 

distorted (    70%typically THD  ), these types of nonlinear loads act as a voltage source rather 

than a current source. Called non-linear harmonic voltage source loads. 

Based on the above discussion, the equivalent circuit of each phase of a harmonic current source 

nonlinear load can be represented by an equivalent  

 

LaV

LbV

LcV

LaI

LbI

LcI

 

   

  

LaV

LbV

LcV

LaI

LbI

LcI

 

   

  

 

 

Figure  II.17 Typical three-phase non-linear loads and their input signals: a- a thyristor rectifier 

delivering an RL load, b- a diode rectifier delivering an RC load. 
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Norton circuit as shown in Figure  II.18.a. The equivalent circuit of each phase of a nonlinear 

load with harmonic voltage source is given by Thevenin's equivalent circuit, Figure  II.18.b. A 

pure harmonic current source is a special case of the equivalent Norton scheme with lZ  , 

and a pure harmonic voltage source is a special case of the equivalent Thevenin scheme with 

lZ   [36].  

II.4.2 Equivalent diagram of the network assembly, parallel active filter and non-linear 

load 

 

Figure  II.19 shows the Norton equivalent diagram of a parallel active filter for a harmonic 

current source nonlinear load. The source current lI and the parallel impedance lZ represent the 

equivalent source current. This is the total current loaded by the load. A three-phase source is 

represented by a voltage source sV and a network impedance sZ  

Since the purpose of the FAP is to compensate the harmonic currents of the loads to produce a 

sinusoidal source current, the FAP is implemented as a harmonic current generator, generating 

harmonic currents of equal and opposite magnitude. Opposite in magnitude. Phase with 

nonlinear loads, where the FAP in the figure is shown as an FI current source. The filter current 

is determined by: 

( )F lI G s I  ( II-25)  

  

Where ( )G s is the FAP transfer function. By the analysis of the equivalent diagram, the current 

of the source sI and the current of the load lI  are given by the equations ( II-26) and ( II-27) 

respectively. 

-   three phase voltage source
-    

  

non linear loads with

harmonic current source

sZ

sI L Lf LhI I I 
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s sf shV V V 
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(a) 
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-   three phase voltage source
-    
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(b) 

Figure  II.18 Model of the equivalent diagram of a phase: a- nonlinear load with harmonic current 

 source represented by the equivalent Norton diagram, b- nonlinear load with harmonic voltage 

source represented by the equivalent Thevenin diagram 
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-    
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Parallel Active

Filter  

Figure  II.19  Application of an active filter parallel to a nonlinear load with a harmonic current 

source 
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( II-26)  
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11 ( )
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l l
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
 

 
     

 ( II-27)  

 

In a perfect FAP, ( )G s the transfer function is equal to zero at the fundamental frequency

 ( ) 0
f

G s  , and approximately equal to unity at all other harmonic frequencies. Therefore,

( )G s  is assumed to have a characteristic of a Notch filter at the fundamental frequency, so it 

satisfies the following condition: 

 

1 ( )

l
s h

h

Z
Z

G s



 ( II-28)  

  

We deduce from equations ( II-25)( II-26)( II-27) the following relations: 

F lhI I  ( II-29)  

  

1 ( )
(1 ( )) 0sh lh sh

l

G s
I G s I V

Z


     ( II-30)  

  

1
Lh lh sh

l

I I V
Z

   ( II-31)  

  

The previous equations show that the performance of the FAP depends on the system parameters 

LZ and sZ , and the transfer function of the FAP ( )G s . 

II.4.3 Characteristics of the pollution load 

 

The non-linear load consists of a three-phase rectifier bridge that feeds on the load ( , )d dRL R L

with an additional inductance cL at the input of the rectifier to limit the di dt gradient. The total 

inductance tot s cL L L  against sudden changes in current, the current of a nonlinear load, can be 

expressed by the following relationship: 

 

 



Chapter Ⅱ:                                                        Parallel Active Filter, Control Principle and Sizing 

 

42 

 

( ) ( cos( ) sin( ))
moyd d n ni t I a n t b n t     ( II-32)  

  

With: 
moydI is the average current of the nonlinear load, it is given by: 

2

0

1
( ) ( )

2moyd dI i t d t






   ( II-33)  

  

n na and b : are the coefficients of the Fourier series. 

The coefficients 1a and 1b of the fundamental component can be calculated as follows: 

5 6 11 62

1

0 6 7 6

2 1
( )cos( ) ( ) cos( ) ( ) cos( ) ( ) 0

2
d d da i t t d t I t d t I t d t

 

 

     
 

 
    

  
    ( II-34)  

  

5 6 11 62

1

0 6 7 6

2 1 2 3
( )sin( ) ( ) sin( ) ( ) sin( ) ( )

2
d d d db i t t d t I t d t I t d t I

 

 

     
  

 
    

  
    ( II-35)  

  

The effective value 1I of the fundamental current of the load is given by: 

2 2

1 1

1

2 3

2 2
d

a b
I I




   ( II-36)  

  

The effective value of the charging current is given by: 

5 6

2 2

6

2 2 2
( )

2 3 3
eff d d dI i d t I I








    ( II-37)  

  

The rectifier is connected under a voltage of 230 / 400V V , the dimensioning of the rectifier is 

carried out for a firing angle equal to 0
 

The output voltage of a thyristor rectifier is: 

3 6
cos( )d

V
U 


  ( II-38)  
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The choice of inductance dL is made according to the choice of d
d

d

L

R
  , such as the pulsation 

index 6p  , therefore 3.3dT ms . 

To obtain a sufficiently smooth current at the output, it is necessary that 1d

dT


 , so, we calculate 

dL  for min min 3.3d dT ms  . 

II.4.4 Active filter sizing 

 

The effective value of the charging current is: 

2

3
eff dI I  ( II-40)  

  

In this case, the effective value of the sum of the harmonic currents  eff harm
I is defined by: 

  2 2

1eff effharm
I I I   ( II-41)  

  

With: 1I  RMS value of the fundamental component of the current on the AC side. 

We will therefore have: 

  2

2

2 6
0.242.

3
eff d dharm

I I I


 
   

 
 ( II-42)  

  

As the purpose of the filter is to remove all harmonics, its nominal power will be equal to: 

   3nom n efffiltr filtr
S U I  ( II-43)  

  

   3 0.242.nom n dfiltr harm
S U I  ( II-44)  

  

The nominal power of the non-linear load is: 

 

 
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II.4.5 Simulation results 

 

For the simulation of the network, non-linear load and active filter assembly, the non-linear load 

considered is an uncontrolled three-phase rectifier bridge where the semiconductors are 

considered perfect. 

  Table  II.2 Parameters of system. 

Parameters symbol Value 

System voltages 

(line to line) Vrms 
SV  380 

Frequency f  50 

Filter (series SAPF) ,s sL R  0.25 ,0.42mH  

Filter (shunt SAPF) ,f fL R  0.5 ,3mH  

Capacitance C  1000 F  

Proportional gain pK  20  

Integral gain iK  200  

Sample time t  41e
 

Non-linear load R  60  

 

 

Harmonic currents and balanced sinusoidal voltages: In this section, the supply network voltages 

are considered ideal, meaning that source voltages are balanced and free of harmonics, and the 

load is balanced. Figure  II.20 depicts, from top to bottom, the waveforms of source voltages and 

currents of the nonlinear load. 

II.4.5.1 Harmonic currents and balanced sinusoidal voltages 

 

In this part the voltages of the supply network are considered ideal, this means that the source 

voltages are balanced and do not contain harmonics and the load is balanced. Figure  II.20 shows 

from top to bottom the waveforms of source voltages and currents of the nonlinear load. 
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Figure  II.20 Waveforms - balanced conditions – from top to bottom: (a) the voltages of the 

electrical network, (b) the source current before filtering. 

Figure  II.21 presents, from top to bottom, the reference current generated by the instantaneous 

power algorithm and the current of the active filter. Figure  II.22 gives the filtered current of the 

first phase, and the voltage dcv of the DC bus. We see that the voltage dcv  is almost constant and 

oscillates around its reference. 
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Figure  II.21 Waveforms - balanced conditions - from top to bottom: (a) the reference current and 

(b) the current injected by the active filter. 

The spectral analysis of the currents of the nonlinear load and the filtered current is presented in 

the Figure  II.23. According to this figure, we note that by the application of the active parallel 

filter an improvement in the shape of the current was obtained, as it is indicated in the 

Figure  II.22. The disturbed current is cleaned up to a satisfactory level, this is confirmed by the 

harmonic spectrum which goes from a THD of 28.29 %  to a THD of 1.33 %  considering the 

first 25 most significant harmonics (5, 7, 11, 13, 17, 19, 23 and 25). 
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Figure  II.22 Waveforms - balanced condition - from top to bottom: (a) the source current after 

filtering and (b) DC bus voltage. 

 

(a) 
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(b) 

Figure  II.23 Shapes of the current spectra - balanced condition - from top to bottom: (a) current 

spectrum of the non-linear load and (b) spectrum of the filtered current. 

 

II.4.6 Harmonic currents and unbalanced voltages 

 

In this paragraph we consider a voltage imbalance to examine the performance of the parallel 

active filter under these conditions, the Figure  II.24 shows the simulation results obtained when 

the voltages of the source are unbalanced as well as the currents of the non-linear load.  

Figure  II.25 exposes, from top to bottom, the reference current generated and the current injected 

by the active filter *

fi  obtained in the case of an imbalance at the level of the supply voltages. 
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Figure  II.24 Waveforms - unbalanced conditions – from top to bottom: (a) the voltages of the 

electrical network, (b) the source current before filtering. 

Figure  II.26 gives the shape of the source current after filtering, and the voltage dcv  across the 

capacitor. It can be seen that the performance of the active filter is affected by the imbalance of 

the electrical network, and on the other hand, the amplitude of the oscillation of the voltage dcv  

has increased compared to the balanced case. This is mainly explained by the inadequacy of the 

use of the control algorithm without taking into consideration the effect of unbalance of the 

voltages of the source. 
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Figure  II.25 Waveforms - unbalanced conditions - from top to bottom: (a) the reference current 

and (b) the current injected by the active filter. 

In the case of an imbalance, the spectral analysis of the currents of the nonlinear load and the 

current compensated by the active filter are shown in the Figure  II.27. 

 

 

Figure  II.26 Waveforms - unbalanced conditions - from top to bottom: (a) the source current 

after filtering and (b) DC bus voltage. 
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(a) 

 

(b) 

Figure  II.27 Shapes of the current spectra - unbalanced conditions – from top to bottom: (a) 

current spectrum of the non-linear load and (b) spectrum of the filtered current. 

It can be noted that the rate of odd harmonics is partially increased compared to the previous 

case of Figure  II.23. 
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Indeed, in this figure the THD of the current of the nonlinear load is 30 %  and the THD of the 

filtered current is3.76 % , therefore other measures to be taken in the case of presence in addition 

to pollution of the voltages of the source. 

II.4.7 Harmonic currents and voltages balanced with load variation 

 

In this paragraph, the behaviour of the parallel active filter in the case of a variation of the load is 

considered. Figure  II.28 presents from top to bottom the supply voltages and the currents of the 

nonlinear load, where a variation of the load is introduced at time   0.8t s . Figure  II.29 shows 

reference currents and active filter current, and Figure  II.30 shows filtered current and voltage

dcv . We notice that the behaviour of the filter in this case is similar to that of the first balanced 

case, but its behaviour differs at the level of the DC bus voltage at the instant of the variation of 

the load, where the DC bus regulator brings back the voltage to his reference. 

 

 

Figure  II.28 Waveforms - case of a load variation - from top to bottom: (a) the voltages of the 

electrical network, (b) the source current before filtering. 
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Figure  II.29 Waveforms - case of a load variation - from top to bottom: (a) the reference current 

and (b) the current injected by the active filter. 
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Figure  II.30 Waveforms - case of a load variation - from top to bottom: (a) the source current 

after filtering and (b) DC bus voltage. 

II.5 Influence of parameters 

 

II.5.1 Variation of the decoupling inductance 

 

For a constant voltage dcv  and a given width of the hysteresis band, the variation of the THD as a 

function of LF is shown in Figure  II.31. It is obvious that the increase of this inductance goes to 

the detriment of the filtering quality. 

 

Figure  II.31 Variation of the THD % according to the decoupling inductance. 

II.5.2 DC bus voltage variation 

 

For a constant decoupling inductance and a given hysteresis bandwidth, the variation curve of 

the THD of the filtered currents is described in Figure  II.32. It can be noted that the effective 
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reduction of the THD goes in the direction of the increase of dcv . On the other hand, the reverse 

voltage of the power components poses a barrier to the maximum allowed value. 

 

Figure  II.32 Variation of THD % as a function of DC voltage. 

II.5.3 Hysteresis Bandwidth Variation 

 

Figure  II.33 shows the influence of the hysteresis bandwidth on the THD of the currents in the 

source after filtering. It is obvious that the quality of the filtering goes in the direction of 

reducing the width of the hysteresis band, while signalling the frequency limit imposed by the 

power components. 

 

Figure  II.33 Variation of the THD % according to the width of the band. 
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II.6 Conclusion 

 

In this chapter, we have presented the structure of parallel active filters as well as their various 

constituent elements. The configuration of the power circuit, the size of the output filter 

parameters to reduce the ripple of the filter current is mainly due to the cut-off frequency of the 

power switch, the control strategy and the operating principle of the filter system. 

An example of simulation was presented to demonstrate the advantages and operating principle 

of the APF, where the performance of the active filter is influenced by external conditions of the 

power grid, various sizing parameters, and control. 
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III.1 Introduction 

The purpose of active power filters is to act directly and flexibly to compensate for harmonics or 

to reduce their impact on the power supply network. To be able to achieve this goal, the 

procedure for determining reference harmonic quantities must respond in real time and with 

accuracy to project good filter quality.  Algorithms for determining the harmonic current or 

voltage reference are grouped in the literature into two domains, the frequency domain or the 

time domain [37]. 

III.1.1 Identification in the frequency domain 

The Discrete Fourier Transform (DFT), Fast Fourier Transform (FFT), Recursive Discrete 

Fourier Transform (RDFT) and Kalman Filter are commonly used methods in the frequency 

domain. However, the large number of computation iterations and the slow response times 

compared to the time required for real-time filtering applications make them obsolete and draw 

attention to time-domain algorithms. 

III.1.2 Time domain identification 

Time-domain harmonic detection methods provide minimal computational speed and time 

compared to frequency-domain methods. Many methods have been published in the scientific 

literature [38], such as instantaneous power theory [39][40], synchronous reference theory [41], 

band pass filter-based theory, algorithm based on multivariable filter. And sliding mode-based 

methods [6][42]. The objective of this chapter is to present and compare the most well-known 

methods that satisfy the trade-off between response times and filter quality of harmonic 

references. 

III.2 Trigonometric method (TRI-single-phase method) 

 

The TRI-single-phase trigonometric method is based on the generation of two trigonometric 

functions cos (2. . . )f t and s (2. . . )in f t where ( )f is the pre-recognized frequency of the power 

grid voltage [43][44]. These two functions are related to the load current 1 2 3( , , )L L LI I I for the 

extraction of the fundamental components of these currents. The method is based on the 

estimation of the active component LfaI and responsive LfrI of the current of each fundamental 

phase allows identifying the current on each phase, which allows us to regenerate the latter. 

Thus, to find the harmonic current generated by the load, a simple subtraction suffices. 

Consider the load current ( )LI absorbed by the nonlinear load via the first phase:  

1 1

1 1 2

( ) sin( ) sin( ) sin( )L s L s s L s L s hI I h I I h      
  

         ( III-1)  

  

With: s t   

The fundamental component of the voltage at the connection point of the active filter to the first 

phase is expressed by: 
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( ) 2 sin( )sa s s sv v   ( III-2) 

  

By multiplying the equation ( III-1) by sin( ) cos( )s sand  we get the expressions ( III-3) and 

( III-4) respectively: 

1 1
1 1 1

2

( )sin( ) cos( ) cos(2 ) sin( ) sin( )
2 2

L L
L s s s s L s h

h

I I
I I h       





      ( III-3) 

  

1 1
1 1 1

2

( )cos( ) sin( ) cos(2 ) cos( ) sin( )
2 2

L L
L s s s s L s h

h

I I
I I h       





      ( III-4) 

  

The relations ( III-3) and ( III-4) show that only the continuous components are proportional, 

respectively, to the amplitude of the active fundamental current and to the amplitude of the 

reactive current and that the first alternating components have an equal frequency twice the 

network frequency. Therefore, these AC components will be filtered using a low-pass filter 

whose cut-off frequency is relatively low in order to prevent the low-frequency ripple from 

propagating to the output. However, it is unavailable to respect a good compromise between the 

efficient filtering of the parasitic frequencies and a fast dynamics of the extraction algorithm. 

After filtering, we get: 

     1
1 1sin cos

2

L
L s s filtre

I
I       ( III-5) 

  

     1
1 1cos s

2

L
L s s filtre

I
I in      ( III-6) 

  

We can then reconstitute the fundamental current. Thus, by multiplying ( III-5) and ( III-6)  

respectively by 2sin( ) 2cos( )s sand  , we deduce the following fundamental current equation: 

         1 1 1 1 1sin sin cos sinLf L S s L s Lfa Lfr L sI I I I I I             ( III-7) 

 

 

 

III.2.1 Identification algorithm 

 

The figure below illustrates the algorithm for extracting the fundamental current according to the 

tri-phase method. 
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1 1L L L fI I I   ( III-8) 

  

LI : Current of the disturbed load 

1L fI : fundamental component of the disturbed current 

1LI : harmonic component of the disturbed current 

This method is applicable to single-phase and three-phase systems and does not require mains 

voltage. 

 cos s

 sin s

   1 2 sin s

   1 2 cos s

LI

2

LfaI

LfI

LfrI
2

 

Figure  III.1 Fundamental extraction algorithm by TRI-single-phase method 

III.3 Instantaneous active and reactive power method (IARP) 

III.3.1 Identification of harmonics by the instantaneous active and reactive power method 

 

The instantaneous active and reactive power method (frequently called pq  method) was 

introduced by HIROFUMI Akagi [45]. Its principle is based on the transition from three-phase 

systems consisting of phase-to-neutral voltages and line currents, to a two-phase system (αβ 

reference) using the Concordia transformation, in order to calculate the instantaneous powers. 

Then, the use either of a low pass filter, or of a high pass filter in order to eliminate the DC 

component of the active power in order to keep only the harmonic component of the signal 

knowing that the fundamental component is transformed into a DC component and the harmonic 

components into AC components. 

The Concordia transformation, defined by equation ( III-9), allows the voltages and currents to be 

expressed by the following relation 
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                                       32

1 1 1

2 2 2

2 1 1
1

3 2 2

3 3
0

2 2

c

 
 
 
 

   
 
 

  

 ( III-9) 

  

 
0

32

sa

s sb

s sc

v v

v c v

v v





   
   

   
     

 ( III-10) 

  

   

 
0

32

sa

s sb

s sc

i i

i c i

i i





   
   

   
     

 ( III-11) 

  

With: 

, ,v v and I I     The orthogonal components in the reference ,  respectively, of the voltages 

of the electrical network sv and of the currents absorbed by the non-linear loads LI . 

And, the 0 0( )v and i components with index (0) represent the zero-sequence components of the 

three-phase system 

The instantaneous active power ( )P t  is defined by the following relationship: 

1 1 2 2 3 3( ) s L s L s LP t v I v I v I    ( III-12) 

  

This expression can be written in the stationary frame by: 

0 0 0

( )

( )

s L s L

s L

P t v I v I

P t v I

    




 ( III-13) 

  

With ( )P t the instantaneous active power, 0 ( )P t the instantaneous zero-sequence power. The 

advantage of the transformation in the stationary frame is the separation of the homo polar 

sequences from the three-phase current or voltage system. In the same way, the instantaneous 

reactive power can be written in the following form: 
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       1 2 3 2 3 1 3 1 2

1
( )

3
s s L s s L s s L s L s Lq t v v I v v I v v I v I v I               ( III-14) 

  

Power q has a broader meaning than usual reactive power. Indeed, unlike reactive power, which 

only considers the fundamental frequency, reactive power takes into account all the harmonic 

components of current and voltage. This is why it is given another name (reactive power) with 

the reactive volt-ampere unit. 

From the relations ( III-13) and ( III-14) we can establish the following matrix relation: 

s s l

s s l

v v ip

v v iq

  

  

    
           

 ( III-15) 

  

In the general case, each of the powers p and q has a continuous part and an alternating part, 

which allows us to write the expression below: 

p p p

q q q

 


 
 ( III-16) 

  

With: 

P ∶ DC power of the active fundamental component of current and voltage; 

q : The continuous power of the reactive fundamental component of current and voltage; 

Pand q : The alternating powers corresponding to the sum of the disturbing components of the 

current and the voltage; 

The continued powers can be separated by a second-order low-pass filter. However, the 

alternating components are obtained directly by a simple subtraction of the continued 

components just obtained from the active and reactive powers, as shown in Figure  III.2. 

Low pass filter 
X X X



 

Figure  III.2 Diagram representing the principle of power separation 

III.3.2 Calculation of harmonic currents 

 

By reversing the relation ( III-15), we can recalculate the currents in the stationary frame as 

shown in the following equation [46]: 
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2 2

1L s s L

s sL Ls s

I v v P

v vI qv v

  

   

     
     

    

 ( III-17) 

  

From equations ( III-16) and ( III-17), the current in the stationary frame is broken down into 

three components: activates, reactivates the harmonics. As shown by the following relationship: 

active current reactive current Current harmonics

01 1 1

0

L s s s s s sL L

s s s s s sL L

I v v v v v vP P

v v v v v vI q q

      

     

             
             
            

 
( III-18) 

  

With 
2 2

1

s sv v 

 


 assumed to be constant if we consider the assumption that network voltages 

are sinusoidal and balanced. The expression ( III-18) shows that the identification of the various 

components of the current in the stationary frame amounts to separating continuous terms from 

the instantaneous active and reactive powers. The harmonic currents (identified currents) are the 

references of the *

fI filter and are calculated from the inverse Concordia transformation defined 

by: 

*

*

*

1 0

2 1 3

3 2 2

1 3

2 2

fa

L

fb

L

fc

I
I

I
I

I





 
 

   
    

      
     

 
 
  

 ( III-19) 

  

Where LI  and LI   are the harmonic currents calculated from relation ( III-18). 

Figure  III.3 shows the block diagram for the calculation of the reference currents corresponding 

to the PQ theory. 

sabcV

labci

sV 

li

abc





abc

Calculation of 
instantaneous 

powers

1 1&p q

. .LPF

. .LPF

lp

lq

lp

lq lq

lp

*

fi 

*

fabci

Calculation 
of filter 

reference 
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

abc









 

Figure  III.3 Schematic diagram of the instantaneous power method. 
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The active and reactive powers method uses low-pass filters to separate the active and reactive 

power components and requires a system for extracting direct voltage from the electrical 

network. 

 It is not applicable for single-phase systems. 

 Mains voltage must be healthy (sinusoidal and balanced). 

III.4 Synchronous Repository Method (SR)  

  

In the synchronous reference method [41], the three-phase currents of the load are expressed in 

the dq  system. If  is the transformation angle, the transformation is defined by: 

 

 

0

2 2
cos cos cos

3 3

2 2 2
sin sin sin

3 3 3

1 1 1

2 2 2

Ld La

Lq Lb

L Lc

I I

I I

I I

 
  

 
  

    
     

       
       

                       
 
 

 ( III-20) 

  

The synchronous frame method uses in each phase a phase-locked loop, PLL  (Phase Locked 

Loop), to detect the angular position  of the synchronous frame dq . The latter is synchronized 

with the three-phase voltages and rotates at a constant speed. 

By exploiting the    cos sinand   signals drawn from the ''fundamental'' grid voltage, we 

obtain the expression for the currents in the d-q system rotating at the pulsation of the 

fundamental component of the grid voltage: 

   

   

sin cos

cos sin

Ld dc dh

Lq qc qh

I I II

I I II





 

 

       
         
         

 ( III-21) 

  

Either 

   

   

   

   

sin cos sin cos

cos sin cos sin

Ld dc dh

Lq qc qh

I I I

I I I

   

   

        
         
            

 ( III-22) 

  

Where, dcI and qcI  are continuous components, dhI and qhI are pulsating components, 

(harmonic). The separation of dcI  and qcI from the components dhI and qhI  is done by means of a 

low-pass filter. 
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The harmonic components in the α-β reference are calculated by the following expression: 

   

   

   

   

1

sin cos sin cos

cos sin cos sin

dh dhh

qh qhh

I II

I II





   

   



        
       
           

 ( III-23) 

  

Concordia's inverse transformation makes it possible to trace harmonic currents (balanced or 

unbalanced): 

1 0

2 1 3

3 2 2

1 3

2 2
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I
I

I
I
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



 
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     

 
 
  

 ( III-24) 

  

The algorithm for identifying harmonic currents using the synchronous reference method is 

shown schematically in Figure  III.4. 
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Figure  III.4 Principle of identification of harmonics by the SRF method. 

III.5 Simulation results 

 

In this part, the identification methods considered are applied in the case of balanced nonlinear 

loads. Simulation results based on Matlab Simulink software are presented and discussed. 

III.5.1 Balanced non-linear three-phase load 

 

The phase voltages of the electrical network as well as the phase currents of the balanced non-

linear three-phase load are presented in the Figure  III.5. It can be seen that despite the voltages 

being sinusoidal, the load currents are distorted and therefore the presence of harmonics. 
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(a) 

 
(b) 

Figure  III.5 Balanced non-linear load voltage and current. 

III.5.2 Trigonometric method (TRI-single-phase method) 

 

The three-phase harmonic currents identified present the same waveform with a phase shift of 

120
with respect to each other, Figure  III.6. The fundamental three-phase currents identified in  

Figure  III.6-a are almost sinusoidal of the same amplitude with a phase shift of 120
with respect 

to each other. The harmonic currents identified in phases , ,a b c of the load are presented in 

Figure  III.6-b, c and d 



Chapter Ⅲ:                                                                       Strategies of detecting harmonic currents 

67 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure  III.6 Harmonic currents and fundamental components identified by the trigonometric 

method. 

III.5.3 Instantaneous active and reactive power method (IARP) 

 

Figure  III.7 presents the phase voltages as well as the currents of the balanced three-phase non-

linear load in the reference  ,  and the active power with its average value and the reactive 
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power. The voltages V and V   are sinusoidal and two-phase (they are 90
out of phase). The 

currents i and i   are polluted and diphasic. The active power p  is pulsating around its average 

value mp . The reactive power is pulsating around zero (its average value is zero) because the 

three-phase diode rectifier PD3 does not consume reactive energy (for each phase, the network 

voltage and the polluted load current are in phase). 

The three-phase harmonic currents identified present the same waveform with a phase shift of 

120
 with respect to each other, Figure  III.8. They are similar to the currents identified by the 

previous method. 
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Figure  III.7 (a) Phase voltages of the electrical network and (b) three-phase load current in the 

Concordia benchmark, (c) active power (W) and its average value and (d) reactive power (VAR). 

 

(a) 
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(b) 

 

(c) 

Figure  III.8 Three-phase harmonic currents identified by the instantaneous active and reactive 

power method. 

III.5.4 Synchronous Repository Method (SR) 

 

In Figure  III.9 are presented the load currents in the reference dp their average values and 

harmonic components in the reference dp  the current di  is a pulsating current oscillating around 

its average value dmi . Similarly, the current qi  is a pulsating current oscillating around its mean 

value qmi . 

The three-phase harmonic currents identified present the same waveform with a phase shift of 

120  with respect to each other, Figure  III.10. They are similar to the currents identified by the 

two previous methods. 

 

(a) 
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(b) 

Figure  III.9 Load currents in the Ref (DQ). 

 

(a) 

 

(b) 

 

(c) 

Figure  III.10 Three-phase harmonic currents identified by the synchronous reference method. 
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III.6 Comparison of methods 

 

 

Figure  III.11 Comparison of Method Outcomes. 

Figure  III.11 presents a zoom between the instants 0.2 0.23 sec of the superimposition of the 

three methods. So, we notice that the results are close. 

The simulation of the methods considered for the identification of balanced three-phase 

harmonic currents made it possible to define the ability of each method to identify the harmonic 

current and the unbalance current. 

 

III.7 Conclusion 

 

The effectiveness of harmonic identification is crucial for the optimal performance of 

compensation systems based on active filters. Even the most efficient control system cannot 

adequately correct distortions if the parasitic harmonics are inaccurately identified. Three 

different identification methods for extracting harmonic currents from those absorbed by 

nonlinear loads have been analyzed and compared. The analysis indicates that these methods 

exhibit nearly identical performance in terms of their ability to identify harmonic currents. This 

suggests that while the choice of method may not significantly impact overall performance, 

precise harmonic identification remains essential for achieving effective compensation. 
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IV.1 INTRODUCTION 

 

The use of inverters in industry has become a very wide field, especially multi-level inverters 

because they give a noticeable improvement in the spectral quality of the signal curve generated 

compared to conventional inverters therefore, it has attracted great interest from researchers, 

Especially on the part of developing control strategy, as industrial equipment increasingly uses 

variable speed motors, these inverters are especially widely used to control alternative current 

and the unbroken supply of energy. Inverters are being fed by a direct voltage source DC, or Z-

source or PV+ rectifier DC-DC where we find that the Z-source inverters is one of the most 

apparent structures in the field of power electronics, as it has a wide range of applications. for 

example, it is used in special power supplies and variable speed engines of hybrid electric 

vehicles and many more [47].  

The Z-source converter (ZSC) represents a novel approach in power conversion, boasting 

distinctive attributes capable of addressing the constraints associated with both Voltage Source 

Inverters (VSI) and Current Source Inverters (CSI) [48]. Illustrated in Figure  IV.1 the ZSC is 

depicted as a 3-phase DC/AC converter (inverter). While the primary application of the Z-source 

topology is DC/AC conversion, it also finds utility in AC/DC and AC/AC power conversions 

[49][50]. The X-shaped impedance, constituting the Z-source network, comprises two split 

inductors and two capacitors, serving to establish coupling between the DC source and the 

inverter bridge. 

 The Z-source inverter (ZSI) possesses a distinctive buck-boost capability, allowing for an output 

voltage range theoretically spanning from zero to infinity, regardless of the input voltage. This 

capability is achieved through the utilization of a switching state known as the "shoot-through" 

state, which is not permissible in conventional Voltage Source Inverters (VSI) [51]. The shoot-

through state occurs when both upper and lower switches of a phase leg are simultaneously 

turned on. In contrast to the conventional VSI switching pattern, which comprises eight 

permissible switching states, the ZSI introduces a unique configuration. Six of these states, 

termed the "active" states, enable the load to experience the input voltage, while the remaining 

two states, referred to as the "zero" states, involve either all upper or all lower switches being 

activated, resulting in the load experiencing zero voltage. 
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Figure  IV.1 ZSC implemented as a three-phase inverter (ZSI). 

Figure  IV.2-a displays the carrier-based Pulse Width Modulation (PWM) switching pattern 

utilized in a Voltage Source Inverter (VSI). In this method, the reference signals for the three-

phase voltages are compared to a triangular carrier signal. If a reference signal exceeds the 

carrier signal, the upper switch in the corresponding phase leg is activated while the lower switch 

in the same phase leg is deactivated, and vice versa. All eight permissible switching states of a 

VSI, including the two zero states, can be identified from Figure  IV.2-a. The first zero state 

occurs when the carrier wave surpasses all reference signals, leading to the activation of all 

upper leg switches and deactivation of all lower leg switches. Conversely, the second zero state 

arises when the carrier wave falls below all reference signals 

The incorporation of the shoot-through state into the carrier-based switching pattern of the VSI 

depicted in Figure  IV.2-a can be seamlessly achieved without compromising the generation of 

the carrier-based PWM signal. Figure  IV.2-b demonstrates the integration of the shoot-through 

state by evenly distributing its duration within the zero states. Observation of Figure  IV.2-b 

reveals that the active states remain consistent for both the VSI and the ZSI in terms of carrier-

based PWMs. Consequently, this ensures uniformity in the modulation index (M), defined as the 

ratio of the total active states to the entire period, across both switching patterns 

The ZSI offers an additional benefit over the VSI when it comes to the practical implementation 

of the carrier-based PWM switching pattern. In conventional systems, "dead times" are typically 

inserted during transitions between switching states for protection purposes, which can result in 

output waveform distortion. However, due to the unique impedance network employed by the 

ZSI, these dead times become unnecessary. 
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Figure  IV.2 (a) Carrier based PWM for VSI (b) Modified carrier based PWM for ZSI. 

IV.2 Modulation of the Z-Source Inverter 

 

Figure  III.2  demonstrated that the shoot-through states of. the Z-source converter (ZSC) can be 

integrated into the PWM switching pattern of a Voltage Source Inverter (VSI) [48]. Additionally, 

it was noted that maintaining consistency with the VSI PWM switching pattern is essential to 

prevent output waveform distortion. In [51], various sequences of possible switching states and 

their corresponding implementations of carrier-based PWM switching for Z-source inverters 

with different numbers of output phases are elaborated. This section will provide a summary of 

the proper introduction of shoot-through states into the modulation of an H-bridge (single phase) 

Z-source inverter, based on the discussions presented in [51]. This section will provide a 

summary of the proper procedure for introducing the shoot-through states effectively into the 

modulation of an H-bridge (single-phase) Z-source inverter, as detailed in [51]. 

Examining the H-bridge Z-source inverter depicted in Figure  IV.3, and referring to the provided 

Table  IV.1 for its switching states, it's evident that the active and null states, where the two 

switches of a phase-leg operate complementarily, are shared between both conventional VSI and 

the H-bridge Z-source inverter. Nevertheless, the remaining three shoot-through states, where 

either one phase-leg (H1 and H2) or two phase-legs (H3) are short-circuited, are exclusive to the 

H-bridge Z-source inverter, as indicated in [51]. 

Based on the discourse in the preceding section and the data in Table  IV.1, it becomes evident 

that when the Z-source inverter enters a shoot-through state, the currents in the Z-source inductor 

are enhanced, while the output voltage of the inverter remains at 0V, akin to a null state where 

the AC load is short-circuited. Consequently, for a constant frequency, incorporating shoot-

through states within the null intervals while keeping the active state intervals constant will not 

disrupt the normalized volt-second average per switching cycle. This characteristic enables the 

utilization of all existing volt-second PWM methods for controlling a Z-source inverter, 

requiring only minor adjustments to integrate the shoot-through states, as discussed in [51]. 
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Figure  IV.3 H-bridge (single phase) Z-source inverter. 

Figure  IV.4 illustrates a plausible PWM switching setup for both a conventional single-phase 

VSI and a single-phase Z-source inverter. In conventional VSI modulation, two state transitions 

take place per switching cycle (e.g., null {00} → active {10} → null {11}), with the active state 

positioned centrally within the switching period to reduce the harmonic distortion generated [52]. 

Table  IV.1 Switching States of the H-bridge Z-source inverter (Sx  is the complement ofSx ). 

( )State output voltage  1S  3S  4S  6S  

   Active 10 non-zero  1 0 0 1 

   Active 01 non-zero  0 1 1 0 

   Null 00 zero  0 1 0 1 

   Null 11 zero  1 0 1 0 

 1Shoot through H zero  1 1 
3S  3S  

 2Shoot through H zero  1S  1S  1 1 

 3Shoot through H zero  1 1 1 1 

 

For Z-source inverter modulation, extra shoot-through states are thoughtfully integrated into the 

null intervals while maintaining a constant and centrally positioned active interval within the 

switching period, thus preserving all the harmonic advantages associated with central active state 

placement. Ideally, these shoot-through states should have identical time intervals to minimize 

the size of the Z-source network inductors [48]. Additionally, they should be incorporated 

immediately adjacent to the instants of state transitions of a conventional VSI to ensure a single 

device switching per state transition. Consequently, for a single-phase Z-source inverter with two 
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state transitions per switching cycle, two equal-interval shoot-through states (0.5To) can be 

inserted. Their inclusion is depicted in Figure  IV.4 [51]. 

 

Figure  IV.4 Modulation of H-bridge Z-source inverter. 

To establish the desired state sequence depicted in Figure  IV.4 through carrier-based 

implementation, it is necessary to formulate modulating reference signals tailored for carrier-

based Z-source inverter modulation, based on the reference/carrier comparison diagrams 

provided in Figure  IV.4. In a typical Voltage Source Inverter (VSI) configuration, the reference 

signals employed are as follows:  cosaV M t  for modulating phase-leg 1 4,S S , and − Va for 

phase-leg  3 6,S S .Typically, the initial state transition during the descending slope of the carrier 

wave occurs when the maximum value of the two signals  max max ,a aV V V  The crossing of 

the descending slope of the carrier waveform occurs at time 1Ht . 
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To incorporate a shoot-through state next to this transition 1 0 10.5H Ht T to t , the upper switches 

(odd-numbered) and lower switches (even-numbered) of the relevant phase-leg should thus be 

controlled through modulation. 

 

 

     

max 0max

maxmax

, 1,4 3,6

SX

SY

V V T T

V V

X Y or

 





 ( IV-1) 

 

 Where 
 max SX

V  causes the upper switch to turn ON at 
 1 0 max

0.5H SY
t T and V  causes the lower 

switch to turn OFF at 1Ht . Obviously, these switching actions insert the desired shoot-through 

state H1, as illustrated in the lower half of Figure  IV.4. 

Continuing with a similar analysis, the second shoot-through state, H2, can be introduced from

2 1 00.5H Ht to t T   by employing the subsequent adjusted reference signals to control the 

remaining two switches 

 

 

     

min 0min

minmin

, 1,4 3,6

SX

SY

V V T T

V V

X Y or

 





 ( IV-2) 

  

Where  min min ,a aV V V  represents the minimum of aV  and aV . Without any alterations, the 

same derived equations ( IV-1) and ( IV-2) can likewise guarantee the accurate integration of 

shoot-through states when the carrier edge rises. 

In a three-phase-leg Voltage Source Inverter (VSI), both continuous switching methods (such as 

centered Space Vector Modulation or SVM) and discontinuous switching methods (like 60-

degree-discontinuous Pulse Width Modulation or PWM) are feasible. Each method possesses 

distinct null positioning at the onset and conclusion of a switching cycle, along with 

characteristic harmonic profiles. Analogous to how Pulse Width Modulation strategies are 

derived for an H-bridge Z-source inverter, it's feasible to derive various PWM techniques for a 

three-phase-leg Z-source inverter [51]. 

IV.3 Principle of operation 

 

The general operation of a ZS converter can be illustrated by considering the AC part of the 

circuit as an equivalent DC load [51].  
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Figure  IV.5 Simplified diagram of a ZS inverter. 

To simplify the study, we content ourselves with an equivalent diagram (Figure  IV.5), we have 

two main states (shoot-through, active state), in the shoot-through state the ZS circuit is short-

circuited, in the active state, the ZS impedance network sees the load through the inverter. We 

make the following assumptions: 1 2L L L  and 1 2C C C   we will therefore have a 

symmetrical circuit from which:
1 2C C Cv v v  and 

1 2L L Li i i   

With 

, ,g C L dcV v v and v : represent the DC source and voltages, capacitor, inductor and ZSC output 

respectively. 

, , ,l g L Ci i i i : are respectively the load and source currents and the currents passing through the 

inductance and the capacitor. 

There are four states to present, they depend on the configurations of switches 1S  and 2S . 

IV.3.1 State 1: Shoot-through 

 

When the switch 1S is open and 2S is closed, the impedance network ZS is short-circuited, so the 

load voltage is zero: there is no energy transfer. The duration of the shoot-through state is equal 

to 0T , and the switching period is equal toT . Figure  IV.6 

 

Figure  IV.6 Shoot-through state of simplified ZSC. 
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We note that C Lv v , it follows: 

0

0

C L

CL

dc

g

dv i

dt C

vdi

dt L

v

i


 


  



 

 ( IV-3) 

 

IV.3.2 State 2: Active State 

 

If the converter is in the active state, the switch 2S  is open and 1S is closed, the duration of this 

state is  0  T T : there is a transfer of energy. (Figure  IV.7) 

 

Figure  IV.7 Active state of simplified ZSC. 

, it follows :C
L g C g L C L

dv
v v v and i i i i C

dt
       

2

g LC

g CL

dc C L C g

g L C

i idv

dt C

v vdi

dt L

v v v v v

i i i


 




 


   

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 ( IV-4) 
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IV.3.3 State 3: Zero State 

 

1 2 L C lwhen S  = 0 and S  = 0, we have: i  = -i  = i  

0

C L

c dcL

dc C L

g

dv i

dt C

v vdi

dt L

v v v

i


 


  


 

 

 ( IV-5) 

  

IV.3.4 State 4 

 

1 2when S  = 1 and S  = 1, we have:  

0

g LC

g CL

dc

g L C

i idv

dt C

v vdi

dt L

v

i i i


 




 





 

 ( IV-6) 

  

To summarize all the states, we will have the following equations: 

 

 

1

1 1 22

2

1

g LC

g CL C C dc

dc C L

g L C

S i idv

dt C

v vdi v v vS S S S
dt L L L

v S v v

i S i i


 


        

 
 


 

 ( IV-7) 

 

Where 1 21 21 1S S et S S     

IV.3.5 Boost factor  

 

In the steady state, we know that the average value of the voltage during a switching period at 

the level of the inductor is zero, therefore: 
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0
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1
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1

1 2
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 We pose 0T
D

T
 , D  is the duty cycle, we get: 

1

1 2
C g

D
V V

D





 ( IV-9) 

  

On the other hand, the maximum voltage of the DC bus in a state of equilibrium is written: 

2dcn C gV V V   ( IV-10) 

  

We therefore obtain the relationship between the input voltage and the maximum voltage of the 

DC bus: 

1

1 2
dcn g gV V BV

D
 


 ( IV-11) 

  

1
Where B =  is the boost factor.

1 2D
 

In Equation ( IV-11), B is termed the boosting factor determined by D, and dcnV  represents the 

steady-state peak value of the DC-link voltage. This equation provides the voltage conversion 

ratio of the ZSC. With D ranging from zero to 0.5, B can assume any value from one to infinity. 

The output peak phase voltage (Vac) of the ZSI illustrated in Figure  IV.3 can be mathematically 

represented as: 

 
 

   

     
  

    

:  

2

 

1

 

dcn
ac

ref
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V
V
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The amplitude of the carrier

n o
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V
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n V

number f levels
















 ( IV-12) 

  

Where M is the modulation rate of the inverter. Using Eq. ( IV-11), Eq. ( IV-12) can be rewritten 

as, 

2

g

ac

V
V MB  ( IV-13) 
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Equation ( IV-13) includes an additional multiplication factor of B compared to the VSI voltage 

conversion ratio, thereby endowing the Z-source inverter with boosting capability 

 

 

Figure  IV.8 Variation of gain B as a function of the Shoot-Through duty cycle D.  

Figure  IV.8 represents the variation of gain B as a function of the Shoot-Through duty cycle D. 

If the duty cycle D is between 0 and 0.5, the output voltage can have values between 0 and 

infinity, so ZS has boosted the input voltage, if we add the ZS impedance network to a 

conventional inverter, we can boost the DC input voltage without using a boost chopper, hence 

the advantage of the ZS, it allows reducing the number of switches and the complexity of the 

control circuit. 

IV.4 Boosting Methods 

 

The preceding section highlighted the introduction of shoot-through states into a VSI PWM 

switching pattern. This section provides a concise overview of potential methods for enhancing 

the dc-link voltage ( dcv ) in a 3-phase Z-source inverter, as outlined in [53]  and [54]. 
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In [48], a straightforward boosting technique was applied to regulate the shoot-through duty 

ratio. Figure 3.8 depicts the simple boosting approach, which utilizes a straight line (VP) equal to 

or exceeding the peak value of the three-phase references to introduce the shoot-through duty 

ratio in a conventional sinusoidal Pulse Width Modulation (PWM). In this setup, if the triangular 

carrier signal surpasses VP or falls below VN, the Z-source inverter enters a shoot-through state. 

The Z-source inverter preserves the six active states, remaining consistent with traditional 

carrier-based PWM control. In this straightforward boosting approach, the attainable shoot-

through duty ratio diminishes as the modulation index (M) increases. The upper limit for the 

shoot-through duty ratio in the simple boosting method is capped at 1- M, gradually approaching 

zero when the modulation index reaches one. To generate an output voltage necessitating a high 

voltage gain, a lower modulation index must be employed. Nonetheless, employing small 

modulation indexes leads to heightened voltage stress on the devices [53]. 

 

Figure  IV.9 Simple boosting PWM generation waveforms of the ZSC 

 

Based on Eq. ( IV-13), the voltage gain of the Z-source inverter can be written as 

2 2 1

ac

g

V M
G MB

V M
  


 ( IV-14) 

  

As discussed in [48], the voltage stress (Vs) across the switches, as shown in Figure  IV.3, is 

represented by BVG. The voltage stress under the simple boosting modulation method can be 

computed as follows: 

 2 1s g gV BV G V    ( IV-15) 

  

Figure  IV.10 illustrates the relationship between voltage stress across switches and voltage gain. 

Employing the simple boosting method results in notably high voltage stress across the switches. 

Consequently, this imposes limitations on achievable voltage gains due to the constraints 

imposed by device voltage ratings [53]. 
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Figure  IV.10 Switch voltage stress versus voltage gain in simple boosting method. 

Figure  IV.11 displays the maximum boosting strategy, elucidated in [53], serving as an 

alternative to the simple boosting method. This strategy closely resembles the traditional carrier-

based PWM control approach. It preserves the six active states while converting all zero states 

into shoot-through states. Consequently, it achieves the maximum boosting factor (B) for any 

given modulation index without distorting the output waveform. In Figure  IV.11, the circuit 

enters the shoot-through state when the triangular carrier wave exceeds the maximum curve of 

the references (Va, Vb, and Vc) or falls below the minimum of the references. The voltage stress 

for the maximum boosting method is derived in [53] as: 

3 3
1s g g

G
V BV V



 
    

 

 ( IV-16) 

  

Figure  IV.11 Maximum boosting PWM generation waveforms of the ZSC. 
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Figure  IV.12 illustrates the relationship between voltage stress and voltage gain for the 

maximum boosting method. Contrasted with the simple control method depicted in Figure  IV.10, 

the voltage stress in the maximum boosting method is significantly reduced. This indicates that 

the inverter can be operated to achieve a higher voltage gain without encountering excessive 

voltage stress. 

 

Figure  IV.12 Switch voltage stress versus voltage gain in maximum boosting method. 

 

The maximum boosting method can minimize voltage stress across the switches. Nonetheless, it 

is afflicted by the drawback of generating low-frequency ripples on the Z-source network, as 

demonstrated in[54]. An alternative boosting method has been proposed to attain the highest 

feasible voltage boost or gain while ensuring a consistent boost as perceived from the Z-source 

network. Furthermore, this method eliminates any low-frequency ripples linked with the output 

frequency, as elucidated in [54]. 

Figure  IV.13 illustrates the schematic diagram of the constant boosting method proposed in [54]. 

This method aims to achieve the maximum voltage gain while maintaining a constant shoot-

through duty ratio. It comprises five modulation curves: three reference signals (Va, Vb, and Vc) 

and two shoot-through envelope signals (VP and VN). When the carrier triangle wave exceeds 

the upper shoot-through envelope (VP) or falls below the lower shoot-through envelope (VN), 

the inverter enters a shoot-through zero state. In the interim, the inverter switches in a manner 

consistent with traditional carrier-based PWM control. 
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Figure  IV.13 Constant boosting PWM generation waveforms of the ZSC. 

During the first half-period, [0, π/3], as depicted in Figure  IV.13, the upper and lower envelope 

curves can be defined by equations ( IV-17) and ( IV-18), respectively. 

1

2
3 sin 0

3 3
PV M M for

 
 
 

     
 
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2
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 
 
 

    
 

 ( IV-18) 

  

During the second half-period, [π/3, 2π/3], the envelope curves are defined by equations ( IV-19) 

and ( IV-20) , respectively. 

 1

2
sin

3 3
PV M for

 
     ( IV-19) 

  

 1

2
sin 3

3 3
NV M M for

 
      ( IV-20) 

  

The voltage stress for the constant boosting method was derived in [54] as 

 3 1s g gV BV G V    ( IV-21) 

 As depicted in Figure  IV.14, the constant boosting method exhibits significantly lower voltage 

stress across the devices compared to the simple boosting method, albeit slightly higher than the 

maximum boosting method. The optimal voltage-stress ratio is one. The constant boosting 

method is particularly advantageous for applications necessitating a voltage gain of two to three. 

Additionally, this method demands minimal inductance and capacitance since the inductor 

current and capacitor voltage do not contain any low-frequency ripples associated with the 

output voltage. Consequently, this reduces the cost, volume, and weight of the Z-source network 

[54]. 
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Figure  IV.14 Switch voltage stress versus voltage gain in constant boosting method. 

IV.5 Summary 

 

This chapter provides a comprehensive review of the literature on Z-source converters (ZSC). It 

begins with a concise introduction discussing the fundamental properties of ZSC. Subsequently, 

the chapter delves into deriving steady-state relationships and determining the voltage 

conversion ratio based on the simplified ZSC circuit. Following this, a summarized overview of 

a modified modulation technique from the literature is presented. This technique involves 

distributing shoot-through states within the VSI PWM modulation pattern while maintaining 

consistent active states. Additionally, the chapter discusses three distinct boosting methods for 

the DC-link voltage, highlighting various outcomes in terms of voltage stress and the maximum 

achievable boosting. 
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V.1  Introduction 

 

The widespread use of non-linear loads in industrial applications has caused undesirable effects 

related to the power quality [55][56]. This increase within the use of non-linear masses 

encompasses a vital impact on consumers, because the main issues in power quality consist of 

current, voltage and frequency distortions. However, the demand permanently power quality is 

increasing thanks to the expansion of use of sensitive devices that require smooth sine 

waveforms [57][58]. To get eliminate the harmonic currents and proper the ability issue 

tormented by these non-linear loads, many alternative studies were carried out. Traditionally, 

passive filters are wont to suppress current harmonics and to mitigate energy pollution within the 

network for an extended time. However, this kind of filter presents many shortcomings 

reminiscent of large size, significant weight, and sensitivity to dynamic parameters that cause 

resonance issues. The aforementioned issues were effectively mitigated by using an active filter 

that was recognized approximately in the 1970s [59][60]. Shunt Active Power Filter (SAPF) is a 

flexible solution for harmonic current mitigation and power factor correction. In addition, it has 

the perfect ability to adapt to different types of loads. The SAPF combination is based on a 

voltage/current source inverter interacting with a link capacitor connected in parallel with non-

linear loads [61][62]. The electrical converter generates the harmonic elements necessary to 

suppress the harmonic currents drawn by non-linear loads; Therefore, it makes the main current 

sinusoidal and in phase with the supply voltage [63][64]. As a result of the rise in penetration of 

renewable energy supply, several enhancements are remodelled the classic shunt active filters by 

connecting a renewable energy source to the DC aspect of the filter to scale back energy 

consumption from the electrical grid. Therefore, filters became of nice importance [65][66]. The 

latter has many advantages, including harmonic current elimination, reactive power 

compensation and simultaneous active power injection, but it has many disadvantages, such as 

B. non-linear properties and completes dependence on environmental conditions. There is an 

urgent need for accurate monitoring of the maximum energy harvested from photovoltaic 

sources [67]. To solve this problem, many maximum power point tracking (MPPT) techniques 

are proposed in the literature, similar to the perturbation and observation (P&O) technique, 

which is based on the perturbation of the photovoltaic and also on the observation of the 

behaviour of the output power.  Conductance technique that uses the slope of the PV to calculate 

the point of highest energy. And the approaches are supported by artificial intelligence [67][68]. 

Unlike ancient two-stage PV systems consisting of a voltage supply electrical converter and a 

DC-DC boost converter, ZSI has several benefits admire having fewer power switches ZSI will 

convert the DC voltage from a photovoltaic cell to the specified AC voltage. ZSI options offer 

high-quality power output, with single-stage buck and boost functions. ZSI has an extra state 

known as Shoot-through that is formed by at the same time in operation the higher and lower 

keys of an identical leg. attributable to this extra state, the electrical phenomenon periodic  

voltage will be simply controlled employing a single-phase configuration [69][53]. 
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V.2 SAPF topology based on Z-Source inverter 

 

The Z-source SAPF supported by the PV is presented as shown in Figure  V.1. The three-phase 

grid connected to the PV-SAPF system supplies consumers with linear and non-linear loads. A 

3-leg ZSI has linked parallel to the client load through the interfacing inductor. The photovoltaic 

power generation system includes the photovoltaic panel, a booster DC-DC converter and a 

battery bank. The PV power generation system supplies DC power to the Z-source grid, which is 

used to maintain the SAPF sustained DC link voltage. To maintain the SAPF DC link voltage, 

the Z-source inverter is used. Excess power generation from the PV power generation system can 

be routed through the DC-DC converter circuit to the energy storage unit and start providing the 

energy stored in the battery when a PV system is not powerful enough [47]. 
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Figure  V.1 General scheme of SAPF based on two-level ZSI. 

V.2.1 PV power generating unit 

 

The proposed SPV power generating unit includes an SPV panel, a low-step DC-DC boost 

converter, and a battery. The DC-DC boost converter contains a MPPT operate to attain the 

utmost power during the solar level reduction period. The output power generated by the PV 

power generating unit relies on the sunlight irradiation and the surrounding temperature, as 

indicated by the essential equations within the PV cell. Equivalent circuit of PV array and DC-

DC converter with MPPT management electronic equipment is shown in Figure  V.2. The PV 

cell has a current source; it is connected to a diode ― d ‖ in parallel. The present supply and diode 

configuration are linked to an interior resistance in series. The inner resistance of the current 
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source and diode configuration is integrated within the series. The subsequent are the essential 

equations of the PV cell.  

ph d pv

pv ph d

I I I

I I I

 

 
 ( V-1) 

   

ln
ph d cc

pv s c

d

I I IAkT
V R I

e I

  
  

 

 ( V-2) 

  

Where pvI  is the PV cell output current in amps and dI  is the diode reverse saturation current. 

Photovoltaic cell voltage is displayed as: 

PV Array DC-DC Converter Z-source

pvI
pvV
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dI

d
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pvV

LI sL

si

1T
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C 


1C 2C

1L

2L

 

Figure  V.2 Equivalent circuit of SPV array and DC-DC converter with MPPT control circuitry. 

Where is the charge strength of the electrons  191.602 10 C , pvV is the output voltage of the 

photovoltaic cells, A is curve fitting factor (0.001), phI  is the current image in amps, k  is 

Boltzmann constant  231.38 10 J
K

 , cT is the operating temperature of the reference cell  25 C

, cI  is the cell's output current in amps, sR  is the  internal resistance of the cell (0.001 Ω). 

The output voltage of the low-pass DC-DC boost converter (12V) is supplied to the Z-source 

inverter to boost the DC voltage level. The increased DC voltage maintains the DC link of the 

SAPF. The ZSI has two operational states, shoot through and non-shoot through. Both the top 

and bottom switches of one or more legs of the same phase are turned on during a shoot through. 

The equivalent ZSI circuit in shoot through state is presented in Figure  V.3. Inductor voltage is 

equal to capacitor voltage VL = VC while stT  cycle. 
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Figure  V.3 Equivalent circuit of ZSI (a) Shoot through state (b) Non-shoot through. 

The equivalent ZSI circuits in the state of NON-shoot through displays in Figure  V.3-b, when 

DC voltage is applied via a three-phase inverter, in six switching states. The ZSI change pattern 

is shown in Figure  V.4. No change in total zero-state time, each phase leg is switched on and off 

per duty cycle. The shoot through state time is assigned equally to each phase without changing 

the duration of the active state time. During the non-shoot through state, the inductance voltage 

LV and also the input voltage iV may be described as:  

-L dc cV V V  ( V-3) 

  

The maximum DC-link voltage across the three-phase electrical converter bridge as: 
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i dc
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Figure  V.4 Switching pattern for ZSI. 

In this situation, the shoot-through time per switch cycle is maintained perpetually and therefore 

has a constant boost factor. Constant input voltage of the inverter is achieved by choosing the 

appropriate Shoot-through time per switching cycle. Three operation modes are used in the 

SAPF with proposed PV interface. The modes are (1) PV power generation mode (2) Battery 

backup mode (3) Continuous supply mode 

V.2.2 PV power generation mode 

 

The photovoltaic power generation mode is activated during the day or when solar radiation is 

much more accessible to generate enough energy. The PV Sustained SAPF acts as a harmonic 

and reactive power canceller, and excess power is stored in a battery. Figure  V.5 shows the 

current flow chart for photovoltaic power generation mode. 
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 Figure  V.5 Current flowchart for photovoltaic power generation mode. 

V.2.3 Battery backup mode 

 

Battery backup mode is supported overnight or in the absence of sunlight. Battery-backed SAPF 

compensates for reactive power and harmonics. Battery backup mode operates via ZSI to 

effectively manage compensation continuity.  Figure  V.6 shows the current flowchart for battery 

backup mode. 
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Figure  V.6 Current flowchart for battery backup mode. 

V.2.4 Continuous supply mode 

 

In the period of voltage interruption, the PV-SAPF model provides a continuous supply of 

essential and sensitive loads. In these cases, the solar PV power generation unit or battery 

supplies the power source to the connected load. Semiconductor switches separate the power 

supply from the distribution network. 
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Figure  V.7 Current flow chart for continuous supply mode.  

V.3 PV-SAPF Control Scheme 

 

To provide current compensation, the control scheme based on instantaneous reactive power 

theory for 3-phase PV-SAPF is used. This is one of the most popular theories that has been used, 

not only in theory but also in practice, can be considered as the first successfully implemented 

method based on  the use of static converters [70].calcul des courants de reference du filtre  
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Figure  V.8 Schematic diagram of the instantaneous power method. 

V.3.1 Hysteresis control  

 

The principle of hysteresis current control is to keep each of the generated currents within a band 

surrounding the reference currents. Any violation of this band gives a commutation command to 

stay within the band. 
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Figure  V.9 Hysteresis band current controller. 

V.3.2 Fixed band hysteresis control   

 

With this type of current control, the switching frequency essentially depends on the derivation 

of the target current. The latter depends on the size of the decoupling inductance and the voltage 

drop across it. The filter affects the switching frequency and the dynamic behaviour of the active 

filter. The main advantage of this method is the simplicity of implementation, while the variable 

switching frequency, which cannot be properly controlled, can become its main disadvantage 

[71]. 
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Figure  V.10 Control of switches by fixed band hysteresis. 

V.4 Simulation Results 

 

The parameters of the PV-SAPF system are presented in Table  V.1. Simulations are carried out 

using MATLAB/Simulink. The results of the simulation study are presented before and after 

connecting the PV-SAPF system. It is noted that the initial state of the capacitors' voltage in the 

system is zero. 
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Table  V.1 Parameters of system. 

Parameters symbol Value 

System voltages 

(line to line) Vrms 
sV  57V  

Frequency f  50Hz  

Filter (series SAPF) ,s sL R  0.45 ,2.5mH  

Battery voltage  30V  

Battery capacity  33Ah  

Filter (shunt SAPF) ,f fL R  0.9 ,4mH  

DC-DC converter 

Inductor z sourceL   5mH  

Capacitance z sourceC   1100 F  

Switching frequency z sourcef   1 H  

Proportional gain pK  6.8  

Integral gain iK  1.1 

Sample time t  41e
 

Non-linear load 
CR  17  

CL  3 mH  

 

V.4.1 DC Voltage Variation 

 

First, the performance of a conventional PI controller and its response to a stepwise change of 

the DC bus voltage from 160 to 140 V is verified in Fig. 11. Obviously, the traditional PI 

controller gives very satisfactory results. 
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Figure  V.11 Simulation results of DC bus voltage response with conventional PI-based reference 

DC voltage variation. 

V.4.2 Continuous operation 

 

The results of the state of the system before and after connecting of the filter are depicted as 

shown in Figure  V.12 to 14. PV compliant ZSI-SAPF performance is tested under balanced 

voltage and load currents. Figure  V.12 shows the source current before connecting the ZSI-based 

SAPF. Figure  V.13 illustrates source current, and filter current after connecting the filter, as well 

as DC bus voltage. It can be clearly seen that the source current has a pure sinusoidal waveform 

after connecting the filter. 

The current source was analyzed using the Fast Fourier Transform (FFT) analysis tool.  

Simulation results are shown in Figure  V.14. The stream before filtering is heavily distorted, and 

the spectral analysis graph shows the order of harmonics present in the signal that are the odd 

harmonics except multiples of the third harmonic. It can be seen that the current obtained after 

filtering has a sinusoidal waveform. In addition, the harmonic components are effectively 

suppressed and only the fundamental component appears in the spectral display. 

As a result, the measured THDi of the source current is successfully reduced to 0.72% after 

compensation in the simulation. However, these results meet the requirements of the 

international standard IEEE-519 [72]. 
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Figure  V.12 Simulation results of source current saI  before connecting the filter. 

 

 
(a) 

 
(b) 

 
(c) 

Figure  V.13 Simulation results of  (a) source current saI , (b) filter current faI , and (c) DC bus 

voltage dcV , after the implementation of ZSI-SAPF. 
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(a) 

 
(b) 

Figure  V.14 Simulation results of the harmonics spectrum of source current before (a) and after 

(b) the implementation of ZSI-SAPF. 
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Figure  V.15 shows the source current, filter current and DC bus voltage, respectively, which are 

the results obtained with the filter connected. Before the filter is connected, the load current is 

fully supplied from the network. The capacitors in the Z-source network are charged from the 

battery bank, which in turn is charged by the SPV, until the capacitors reach the line voltage 

level   160 Vdc volts . 

Once connected, the SPV compliant ZSI-SAPF starts injecting the electric current needed to 

make the source current free from harmonics. The PI controller keeps the voltage level at the 

reference value. Where we notice the elimination of ripple in the active and reactive powers after 

connecting the filter, and thus the reactive power were successfully compensated. 

 
(a) 

 
(b) 

 
(c) 
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Figure  V.15 Waveforms of the system parameters under ZSI-SAPF switched. 

V.4.3 DC pus Variation 

 

(a) 
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(b) 

 

(c) 

 

(d) 

Figure  V.16 Waveforms of the system parameters under DC bus variation. 
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V.4.4 Load Variation 

 

The dynamic behaviour of the entire system was examined under load changes. In this test, the 

load is suddenly increased from 1 16R    to 2 24R   (with a variation of 33%). The results 

obtained in Figure  V.17 show a good transient behaviour of the system in addition to a smooth 

change in the source current. During this phase, the load consumes additional energy from the Z-

source inverter to meet its demand. However, this reduction is quickly corrected with the PI 

controller. To demonstrate the effectiveness of the DC bus controller, a two-stage non-linear load 

change was applied and established, the value of the non-linear load shows a variation of 33%. 

Very satisfactory results are obtained as shown in Figure  V.17. 

 

(a) 

 

(b) 
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(c)  

 

Figure  V.17 Waveforms of the system parameters under load variation. 

 

The proposed SPV-compliant ZSI-SAPF system with PI controller is comparable to some 

recently published systems for SAPF in terms of reliability, simplicity and effectiveness in 

improving power quality. The results of the comparison, as given in Table  V.2, show the 

superiority of the proposed system compared to other methods. 

Table  V.2 Comparison results between the proposed and different control strategies.  

Topology Control strategy 

Simulation results of THD of 

source current  

before 

connecting 

SAPF 

after connecting 

SAPF 

SAPF (p–q) method proposed in [57] 20.03%  1.78%  

ZSI-SAPF system proposed  in this thesis 23.18%  0.72%  
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V.5 Conclusion 

 

A design of a three-phase shunt active power filter based on Z-source inverter controlled by 

instantaneous reactive power theory and PI hysteresis control algorithm is proposed in this paper. 

The proposed structure is applied to compensate harmonic components caused by nonlinear 

loads. The performance of the proposed structure was evaluated under different operating 

conditions with a non-linear load. Simulation results using MATLAB/Simulink show 

satisfactory performance. Besides, to underscore the performance of the proposed structure, an 

improvement in efficiency was obtained as compared to the conventional structure. On the other 

hand, it is evident that the proposed structure achieves the best THDi (harmonic of current) in the 

simulation test by 0.72%. Furthermore, the system performance can be improved by extending 

the control algorithm to optimize the parameters of the PI controller. In addition, the unit power 

factor operation is ensured since the reactive power is almost zero. 

Some inferences can be summarized from this work: 

• The proposed shunt active power filter based on Z-Source inverter was able to restore the 

distorted current source to its original sine waveform. 

 Investigations show that the proposed filter was able to minimize current harmonics well below 

the limits of the IEEE standard. 

 The FFT spectrum analyses reveal that by employing the proposed ZSI-SAPF, the THDs were 

reduced from 23% to 0.72%. 

 The proposed shunt active power filter based on Z-Source inverter can effectively mitigate the 

harmonic current under various operating conditions was evaluated. However, the comparative 

study emphasized that the system performance surpassed the other states of art in the literature 

which are applied to under various operating conditions were evaluated. 

 This system can be experimentally established and verified through the development of a 

prototype model, and the control algorithm can be extended to optimizing the PI controller 

parameters. 
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 GENERAL CONCLUSION 
 

Power converter systems are increasingly prevalent in applications such as alternative energy 

sources and hybrid electric vehicles (HEVs). For power electronics designers, achieving 

efficiency, low cost, and reliability are primary objectives. Traditional power converter designs 

still deliver satisfactory results, and their performance is enhanced through advanced control 

techniques. Additionally, new power conversion topologies are emerging, offering improved 

performance in specific applications. 

 

The Z-source converter (ZSC) is one such innovative power conversion topology, showing great 

promise in conditioning power from alternative energy sources and in applications like HEVs 

and utility interfacing. The unique buck and boost capability of the ZSC enables a broader input 

voltage range, eliminating the need for a separate DC/DC boost stage, thereby enhancing overall 

efficiency. Furthermore, the ZSC allows for the shoot-through state, improving system 

reliability. 

This research is a continuation of the effort on modelling and control of the ZSC that has been 

achieved so far in the literature 

A design of a three-phase shunt active power filter based on Z-source inverter controlled by 

instantaneous reactive power theory and PI hysteresis control algorithm is proposed. The 

proposed structure is applied to compensate harmonic components caused by nonlinear loads. 

The performance of the proposed structure was evaluated under different operating conditions 

with a non-linear load. Simulation results using MATLAB/Simulink show satisfactory 

performance. Besides, to underscore the performance of the proposed structure, an improvement 

in efficiency was obtained as compared to the conventional structure. On the other hand, it is 

evident that the proposed structure achieves the best THDi in the simulation test by 0.72%. 

Furthermore, the system performance can be improved by extending the control algorithm to 

optimize the parameters of the PI controller. In addition, the unit power factor operation is 

ensured since the reactive power is almost zero. 
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 Appendix (A): Identify the basic input parameters of the circuit z-

source 
Fundamental Relationships in Z-Source 

Key Equations: 

 Output voltage: 

out inV B V   

 Boost ratio, which depends on the shoot-through time (
0T ) and the switching period(

ST ) 

0D: is  (is the duty cycle)
1

;
1 2 s

B
D

T

T
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 
 

Capacitor Voltage (
cV ): 

1

in
C

V
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Inductor Current (
LI ): 

L

in

P
I

V
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Capacitor (C) Calculation 

The capacitors in the Z-Source are designed to stabilize the voltage and minimize ripple. 

 The capacitor value depends on the allowable voltage ripple  CV : 

L

s C

I D
C

f V





 

Where: 

 CV : The allowed ripple in the capacitor voltage. 

 sf : The switching frequency. 

Inductor (L) Calculation 

Inductors are designed to minimize current ripple and store energy during switching cycles. 

 The inductor value depends on the allowable current ripple ( LI ) 

C

s L

V D
L

f I
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 Abstract 
This thesis aims to design a three-phase shunt active power filter utilizing a Z-source inverter 

controlled by the instantaneous reactive power theory and a PI hysteresis control algorithm. 

The proposed structure is intended to mitigate harmonic components induced by nonlinear 

loads. Evaluation of the proposed structure's performance under various operating conditions 

with a nonlinear load was conducted. Simulation results using MATLAB/Simulink 

demonstrate satisfactory performance. Additionally, the proposed structure exhibited 

improved efficiency compared to conventional designs, highlighting its potential 

effectiveness. 

 

Keywords:  shunt active power filter; instantaneous reactive power theory; Z-source 

inverter; total harmonic distortion. 

 

 ملخص
يتى انتذكى فيو بٌاسطت نظشيت  Zإنى تصًيى يششخ طراقت نشط ثلاثي انطٌس باستخذاو عاكس يصذس  طرشًدتالأ هيذف ىزت

. ييذف انييكم انًقتشح إنى تخفيف انًكٌناث انتٌافقيت انناتجت PIانطاقت انتفاعهيت انهذظيت ًخٌاسصييت انتذكى في انتباطرؤ 

شح في ظم ظشًف انتشغيم انًختهفت يع انذًم غيش انخطي. عن الأدًال غيش انخطيت. تى إجشاء تقييى لأداء انييكم انًقت

أداءً يشضيًا. بالإضافت إنى رنك، أظيش انييكم انًقتشح كفاءة  MATLAB/Simulinkأظيشث نتائج انًذاكاة باستخذاو 

 يذسنت يقاسنت بانتصاييى انتقهيذيت، يًا يسهط انضٌء عهى فعانيتو انًذتًهت.

 

 ؛ انتشٌه انتٌافقي انكهي.Zانطاقت اننشط. نظشيت انقٌة انتفاعهيت انهذظيت؛ عاكس يصذس  : تذٌيهت يششخالكلمات الرئيسية

 

Résumé 
Cette thèse vise à concevoir un filtre de puissance active shunt triphasé utilisant un onduleur 

à source Z contrôlé par la théorie de la puissance réactive instantanée et un algorithme de 

contrôle d'hystérésis PI. La structure proposée vise à atténuer les composantes harmoniques 

induites par les charges non linéaires. L'évaluation des performances de la structure proposée 

dans diverses conditions de fonctionnement avec une charge non linéaire a été réalisée. Les 

résultats de simulation utilisant MATLAB/Simulink démontrent des performances 

satisfaisantes. De plus, la structure proposée présentait une efficacité améliorée par rapport 

aux conceptions conventionnelles, soulignant son efficacité potentielle. 

 

Mots-clés : filtre de puissance active shunt ; théorie de la puissance réactive instantanée ; 

Onduleur source Z ; distorsion harmonique totale. 

 

 

 

 

 

 


