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SUMMARY 

 

Over the past few years, the prolific use of static power converters and nonlinear loads 

has indiscriminately increased voltage and current distortions in power distribution 

systems. These distortions, which are caused by harmonics, are one of the major power 

quality concerns in the electric power industry. Considerable efforts have been made in 

recent years to improve the management of harmonic distortions in power distribution 

systems. The switching actions of these static power converters result in distorted input 

currents, which contain a fundamental and some other higher order harmonics. They 

behave as current sources, injecting harmonic currents into the supply network. This 

constitutes the problems of power system harmonics. One of the problems of power 

system harmonics is the supply voltage distortion at the Point of Common Coupling 

(PCC). When a static power converter injects a distorted current into the supply network, 

an harmonic voltage is developed across the source impedance. The voltage at the PCC, 

being the difference between the source voltage and the voltage across the source 

impedance, is distorted. 

 

In this thesis, the applications of Artificial Neural Network (ANN) techniques as 

controllers for the shunt active filter and Unified Power Quality Conditioner (UPQC) are 

proposed. The research in this thesis includes building up the conventional shunt active 

filter and UPQC from scratch using analogue electronic components. The design concept 

of the analogue shunt active filter is used to build a digital signal processing (DSP)-based 

shunt active filter. Experimental results are used to show that the compensating 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

 

NANYANG TECHNOLOGICAL UNIVERSITY 
School of Electrical and Electronic Engineering 

 
 
 

 

Power Quality Improvement Using Unified Power Quality Conditioner iii 
 

capabilities of the shunt active filter are enhanced with the use of the DSP. With that, two 

ANNs are then used to extract the harmonic components from the nonlinear load and to 

control the shunt active filter to further enhance its compensating capabilities. The 

research is done progressively such that we are able to see how the compensating 

capabilities of the shunt active filter are further enhanced progressively with each 

modification carried out in the application of ANN to the shunt active filter. With the 

final design concept using ANN with hysteresis controller for the shunt active filter, the 

proposed shunt active filter can compensate the harmonic currents of the nonlinear load 

and correct the power factor of the supply current under balanced and unbalanced system 

operating conditions with self-charging and adaptation capabilities. 

 

Similarly, the research on UPQC is also carried out progressively from building up the 

DSP-based UPQC to ANN-controlled UPQC and finally to ANN with hysteresis-

controlled UPQC. Each progress in the research enhances the compensating capabilities 

of the previous UPQC. The final design concept using ANN with hysteresis-controlled 

UPQC is able to compensate for harmonic voltages and voltage sags of the distorted 

supply voltage, harmonic currents of the nonlinear load and power factor of the supply 

current under both balanced and unbalanced system operating conditions with self-

charging and adaptation capabilities. 

 

Last but not least, experimental and/or simulation studies are carried out to verify the 

operating performance of each design concept for the shunt active filter and UPQC 

mentioned above. The experimental and/or simulation results are obtained and have 

shown that the proposed shunt active filter and UPQC are able to compensate the major 

power quality issues satisfactorily.  
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*
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vL Instantaneous load voltage 

voI Instantaneous VSI output voltage for shunt active filter 

vov Instantaneous VSI output voltage for series active filter of UPQC 

Vrms  RMS value of the supply voltage v 

vs  Instantaneous AC voltage source from the utility 

VSI  Voltage Source Inverter 
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W-H   Widrow Hoff weights updating algorithm for ANN extraction circuit 

Zn  Source impedance 

φ Phase difference between the supply voltage and the charging current 

φLf   Phase angle of the fundamental component of the load current 

φLh    Phase angle of the harmonic component of the load current 

Φh    Phase angle of the harmonic component of the supply voltage 

∆t Sampling time 

ω Supply frequency, 2πf 

 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

 

NANYANG TECHNOLOGICAL UNIVERSITY 
School of Electrical and Electronic Engineering 

 
 

Chapter  1 
 

Power Quality Improvement Using Unified Power Quality Conditioner 1 
 

CHAPTER 1 

 

INTRODUCTION 

 

1.1 Motivation 

 

With the advances in technology, the quality of living around the world has increased. If 

we look around us, we will notice that many devices in our homes, in industries and in the 

public are making use of electronic components and microelectronic processors. These 

electronic devices are very sensitive to the quality of power supply. A breakdown due to 

poor quality of power supply can cause us much inconvenience and may also result in 

great financial losses. Therefore, there arises the increasing concern of power quality. 

 

IEC (1000-2-2/4) and CENELEC (EN50160) standards have defined power quality as the 

physical characteristics of the electrical supply provided under normal operating 

conditions that do not disrupt or disturb consumer’s processes [1]. UNIPEDE standard 

also includes the supply availability as part of this definition [2]. Thus, this implies that a 

power quality problem occurs when there is any voltage, current or frequency deviation 

resulting in mal-operation or failure of consumer’s equipment. 

 

In the olden days when computers and high-end technologies were yet to be discovered, 

the supply networks did not have many power quality problems as illustrated by Figure 

1.1. The supply voltage is healthy and of good quality. There were not many nonlinear 

loads that inject significant harmonic currents into the network. Hence, the voltage v at 
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the Point of Common Coupling (PCC), which is the difference between the voltage 

source vs and the voltage drop across the source impedance Zn, is a clean sinusoidal 

waveform. iaf, ibf and icf are the fundamental currents for loads A1, A2 and A3 

respectively. 

A1

A3

A2

PCC

v = vs – i1 Z1

iaf

icf

ibfVoltage
source

vs

is = i1
 = iaf + ibf + icf

nZ R jn L= + ω

Linear load

Linear load

Linear load

 

Figure 1.1  : Supply network with good power quality. 

As technologies advanced and evolved through the decades, power quality problems have 

accelerated drastically with the widespread usage of nonlinear power electronic loads, 

like static rectifiers, adjustable speed drives, dc/ac converters, etc. These nonlinear loads 

usually contain static power converters. These static power converters act like current 

sources injecting harmonic currents into the supply network through the utility’s PCC [3] 

as shown in Figure 1.2 with A1 and A3 as linear loads and A2 as nonlinear load. This 

nonlinear load A2 injects harmonic currents (i3 + i5 + i7 +…) into the network thereby 

causing distorted voltage drop across the source impedance. This will cause the voltage v 

at the PCC, which is the difference between the voltage source and the voltage drop 

across the source impedance, to be distorted. The loads connected to the same PCC will 
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receive distorted supply voltage as shown in Figure 1.2 [4]. Since 
1 1

a
A A

vi
R jn L

=
+ ω

 and 

3 3
c

A A

vi
R jn L

=
+ ω

, load A1 current ia and load A3 current ic will also be distorted if v is 

distorted despite they are linear loads with 1 1A AR jn L+ ω  and 3 3A AR jn L+ ω  as their linear 

impedances. This may cause overheating of power factor correction capacitors, motors, 

transformers and cables, and mal-operation of some protection devices [5]-[8]. 
 

A1

A3

A2

is = ia+ibf+ic+i3+i5+i7+...

v = vS-iaZn-icZn-ibfZ1-i3Z3-i5Z5-i7Z7-…

nZ R jn L= + ω

PCC

ic

ibf+i3+i5+i7+...

ia

Voltage
source

vs

Linear load

Linear load

Nonlinear
load

 

Figure 1.2  : Supply network with A2 as nonlinear load causing poor power quality. 

 

Hence, these power quality problems are especially important and crucial with the high 

usage of high-end technologies over the last few years. It will cause great financial losses 

and serious problems if no actions are taken [9]. We cannot solve these power quality 

problems by not using the high-tech equipment as that is too impractical. One way to 

solve these power quality problems is through the research and development of high-

performance compensators. Currently, the compensators available in the market to 

mitigate power quality problems are dynamic voltage restorers (DVRs) [10]-[12], 
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distribution static compensators (D-STATCOMs) [13]-[14], static var compensators 

(SCVs) [15]-[17], shunt and series active filters [18]-[20] as shown in Figures 1.3 and 1.4.  

A1

A3

A2

Shunt
active
filter

is=i1
  =iaf+ibf+icf

nZ R jn L= + ω

v=vS - i1Z1

Voltage
source

vs

PCC

icf

ibf

iaf

iinj=i3+i5+i7+...

Linear load

Linear load

Nonlinear
load

 

Figure 1.3  : Supply network with shunt active filter. 

 

nZ R jn L= + ω

 

Figure 1.4  : Supply network with series active filter. 
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These compensators for power quality have been available for many years. However, 

with recent advances in power electronics and control technologies, these compensators 

should be re-looked into in order to improve and modify their operating capabilities. With 

this motivation and intention in mind, we decided to look into the shunt and series active 

filters. A conventional shunt active filter can only compensate for harmonic load currents 

and its controllers are built using discrete electronic components. Building hardware in 

project board or PCB using discrete components make it very inflexible, difficult and 

tedious to change and improve on control circuit designs. The researcher has to re-route 

the PCB board or re-build and re-wire the controller in the project board. Furthermore, 

discrete components may introduce delay to the processing of the signal and the 

compensation may not be as good as we wanted.  

 

Therefore, it will be good to incorporate more compensating capabilities in the shunt 

active filters and use Digital Signal Processing (DSP) techniques for building the 

controllers. Eventually, it will be the best if the two types of active filters can be 

integrated as one in order to take the advantages of the operating and compensating 

capabilities of both. The ultimate aim is to have equipment that can compensate, if not all, 

for as many power quality problems as possible. 

 

In our research, we have managed to use artificial intelligence, in this case neural 

networks, for the extraction circuit in the active filters. The adaptive neural network 

together with the hysteresis and self-charging controllers has added new compensating 

capabilities to the conventional active filters. The shunt active filter can now compensate 

for harmonic currents, power factor and unbalanced nonlinear load currents, and adapt to 

variations in nonlinear load currents or nonlinear load types with self-charging technique. 
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After verifying the performance of the designed shunt active filter through simulation 

studies under different operating conditions, we go further to integrate the shunt and 

series active filters into a Unified Power Quality Conditioner (UPQC) in order to take the 

advantages of the operating performances and capabilities of both active filters. 

Therefore, the designed UPQC can compensate for supply voltage harmonics, distorted 

supply voltage sags, unbalanced distorted supply voltages, current harmonics, power 

factor and unbalanced nonlinear load currents with self-charging technique and its single-

line diagram is shown in Figure 1.5 with A1 and A2 as nonlinear loads and A3 as linear 

load.  

nZ R jn L= + ω

 

Figure 1.5  : Supply network with UPQC. 

Besides that, the proposed UPQC can also adapt to variations in harmonic voltages and 

unbalanced voltages. The DC capacitor will be self-charged to the desired level through 

the shunt active filter of the UPQC.  

 

However, an additional controller must be used to coordinate the two active filters to 

operate together properly. In this research, a linear quadratic regulator (LQR) technique is 

used as the coordination controller. Currently, H-∞ loop reshaping technique is being 
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explored to replace the LQR technique as the controller for coordinating the integrated 

operation of the two active filters. H-∞ is chosen because theoretical studies have shown 

that it may make the UPQC more robust and adaptive without increasing the complexity 

of the control process and the system extensively. 

 

Nevertheless, the above research is in the prototype-building stage due to a lack of funds 

to develop the prototype into the physical hardware. We hope to develop the prototype 

into usable equipment together with an interested industrial partner. This is because we 

find that as the use of high-tech equipment accelerates, the problems caused by harmonics 

will escalate too. Hence, it is crucial to develop a compensator that is cost-effective and 

efficient in a way that it can compensate effectively for as many power quality problems 

as possible. 

 

1.2 Objectives 

 

The objectives of this thesis are to develop the control circuits for the active filters and 

ultimately integrate them into a unified power quality conditioner for use in low voltage 

supply networks and to improve their compensating capabilities and functions. 

 

The first part of the research is to analyze the problems caused by poor power quality in 

the supply network. Power quality is influenced by many factors in the supply network. 

Furthermore, it is complicated by the fact that the nature of the cause and effect of poor 

power quality is different at different levels of the supply network. Hence, it is necessary 

to understand what are power quality and its effects on the supply network.  
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The second part of the research is to build up the model for the shunt active filter and 

develop the controller that can add extra compensating features and capabilities to the 

existing or conventional shunt active filters. In this research, artificial neural networks, 

which are one type of artificial intelligence, are used for the extraction circuit of the shunt 

active filter. The algorithm used for updating the weights is a modified version of the 

Widrow-Hoff (W-H) algorithm. With the modified W-H algorithm, the efficiency of 

weights updating is greatly improved and the dimension of the matrix is independent of 

the number of harmonic orders present. Besides that, the spilt DC capacitor with midpoint 

earthing is used for the configuration of the voltage source inverter (VSI). This 

configuration allows a normal 3-phase 3-branch VSI to be controlled as 3 single-phase 

VSIs for a 3-phase system. In this way, the compensation of each phase is controlled 

separately and independently in the system, thereby allowing unbalanced conditions to be 

compensated effectively.  

 

The third part of the research is to integrate the shunt and series active filters into a 

unified power quality conditioner (UPQC). Integrating the two active filters is not as 

simple as it looks because VSIs for both active filters are sharing the same DC capacitors 

and proper switching coordination must be carried out for the VSI bridges in order for the 

UPQC to operate up to its expectations. This research employs the linear quadratic 

regulator (LQR) technique as the coordination controller due to its tolerance to input 

nonlinearities [21]. The resultant UPQC is able to compensate for supply voltage 

harmonics, distorted supply voltage sags, unbalanced distorted supply voltages, current 

harmonics, power factor and unbalanced nonlinear load currents. The UPQC can also 

adapt itself to variations in the supply voltages and load currents or load types and 

perform the necessary compensation to maintain a good quality of power supply. An extra 
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rectifier is not required to charge the two DC capacitors. The self-charging technique is 

also incorporated in the UPQC to maintain the voltage of the DC capacitors at the desired 

level. 

 

1.3 Major Contributions of the Thesis 

 

The main contributions of the thesis can be summarized as follows: 

 

(i) An artificial intelligence, in this case neural networks, was designed to control the 

shunt active filter. The use of a neural network controller in the shunt active filter 

makes it more adaptive to variations in the operating conditions and faster adaptation 

to the changes. Modification on the conventional W-H weights updating algorithm is 

also carried out to shorten the computational and convergence time. This 

modification makes the dimension of the weights matrix independent of the number 

of harmonic orders to be compensated. In this way, the designer does not need to 

have a prior knowledge of the number of harmonic orders of the network to be 

compensated. The designer only needs to know the fundamental frequency of the 

network to design the weights updating algorithm with this modified version. The 

complication of the design is therefore greatly reduced.   

 

(ii) Power factor correction technique was incorporated in the shunt active filter and 

subsequently the UPQC. The neural network algorithm is modified to integrate the 

power factor correction capability into the shunt active filter and UPQC. The 

modified neural network algorithm will estimate the reactive current required by the 

nonlinear load so that the shunt active filter can deliver this reactive current required 
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by the nonlinear load. With the need to deliver only the active current, the supply 

side will have its current in phase with its voltage. Therefore, the power factor of the 

supply side is corrected near to unity. In some countries, poor power factor will be 

penalized, resulting in a higher cost of utility charges. This shunt active filter not 

only resolves the harmonic problems for the consumers, but also improves the power 

factor near to unity and reduces the utility charges indirectly.  

 

(iii) In order to maintain the voltage of the DC capacitors at the desired level, the 

capacitors must be charged constantly so that their energy will not be depleted. A 

self-charging technique was designed for the shunt active filter to achieve this 

purpose which is later integrated into UPQC. This self-charging technique, as its 

name implies, will charge the DC capacitors without the need of an extra rectifier. 

The VSI of the shunt active filter will act as a rectifier to charge up the DC capacitors 

and at the same time will act as an inverter to compensate the harmonic currents in 

the nonlinear load. While designing the self-charging control circuit, the 

compensation for unbalanced nonlinear load currents is also incorporated in the shunt 

active filter.  

 

(iv) The shunt and series active filters were unified to become the UPQC in order to take 

advantage of the compensating capabilities of both active filters. However, as the 

VSIs of both active filters are sharing the same DC capacitors, it is important to 

coordinate the two active filters such that their VSIs do not drain too much energy 

from the DC capacitors. Hence, a coordination controller was designed to make sure 

that the unified shunt and series active filters can operate properly. The coordinated 

control technique used in this research is the linear quadratic regulator (LQR). The 
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DC capacitors are charged through the shunt active filter of the UPQC. As the 

compensating capabilities are integrated as one, the UPQC can simultaneously 

compensate for supply voltage harmonics, distorted supply voltage sags, unbalanced 

distorted supply voltages, current harmonics, power factor and unbalanced nonlinear 

load currents with self-charging and adaptation capabilities. This means that it can 

adapt to variations in the distorted supply voltages, nonlinear load currents and 

nonlinear load types. 

 

1.4 Organization of the Thesis 

 

There are seven chapters in this thesis. In Chapter 1, the motivation, the objectives and 

the major contributions of the thesis are presented. 

 

In Chapter 2, some fundamentals about power quality problems are discussed to provide a 

better understanding of the problems. The impacts of these power quality problems to the 

end-users are also discussed. As nonlinear loads have been extensively used in recent 

years, it is important to see how these nonlinear loads affect the power quality of 

distribution networks.   

 

In Chapter 3, current and conventional solutions for power quality problems are 

discussed. There are many solutions to the power quality problems. They can be 

categorized into passive and active compensators. These compensators are compared in 

terms of their operating performances and compensating capabilities in resolving power 

quality problems. 
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In Chapter 4, the details for the models and controllers of shunt active filters are presented 

and discussed. This chapter also deals with how the performances of existing active filters 

can be improved and enhanced with the use of state-of-the-art technologies like DSP and 

neural networks.  

 

In Chapter 5, the integration of the shunt and series active filters into UPQC is presented. 

The topologies of how these two active filters are integrated and the additional controller 

required to ensure the proper operation of UPQC are addressed with details in this 

chapter. 

 

In Chapter 6, the operating performances of the designed shunt active filters and UPQCs 

are verified through simulation studies using the Matlab software. The simulation results 

obtained are discussed and compared.  

 

Last but not least, Chapter 7 concludes the contents of this thesis and recommends tasks 

for future research. 

  

The system parameters used in this thesis are listed in the Appendix. 
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CHAPTER 2 

 

ANALYSIS OF POWER QUALITY PROBLEMS 

 

2.1 Introduction 

 

As the world progresses and modernizes, the power systems are becoming much more 

complicated in order to deliver electricity supply to all the people. With the 

interconnection of hundreds of generating stations and load centres, any perturbation in 

one part of the system will have a different intensity of impact on other parts of the whole 

system. Hence, in this chapter, the different disturbances affecting the quality of power 

system will be discussed in detail. It includes how the disturbances are caused and their 

effects. 

 

2.2 Supply Voltage Sag and Distortion 

 

One of the power quality problems in power systems is the supply voltage sag [22]-[26]. 

Voltage sag is defined as a reduction in the rms AC voltage value of between 0.1 and 0.9 

per unit at the power frequency, for a duration from half cycle to a few seconds as shown 

in Figure 2.1 [27]. Voltage sag is caused by short circuits, overloads and starting of large 

motors. The concern in voltage sag is mainly due to the problems they cause on several 

types of equipment such as adjustable speed drives, process-control equipment and 

computers. Voltage sag will also cause some protective devices to trip and equipment to 
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mal-function when the rms voltage drops below 90% for more than one to two cycles. 

Voltage sag can be caused by equipment failure in the power transmission and 

distribution networks, neighbours and the consumer themselves. The impacts of supply 

voltage sag are shutting down of facilities and equipment, loss of data, and stoppage of 

production lines. These disturbances will lead to financial losses, inconveniences and 

uncomfortable working environment [28]-[29]. Figure 2.1(a) shows the waveform of a 

healthy supply voltage and Figure 2.1(b) shows the waveform of a sagged supply voltage. 

The rms value of the sagged supply voltage for Figure 2.1(b) is shown in Figure 2.1 (c). 

  

(a)                                                        (b) 

 
(c) 

Figure 2.1 : (a) Waveform of normal supply voltage, (b) waveform of sagged supply 

voltage and (c) rms value of sagged supply voltage. 
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 In order to examine the immunity of equipment to supply voltage sags, there are some 

standards concerning the ride-through capability of the equipment. They are IEEE 

standard [30] using CBEMA curve for IT equipment, ITIC standard using ITI curve for 

computer and telecommunication equipment, and SEMI F47 standard for microprocessor, 

process controller and programmable logic controller. Figure 2.2(a) shows the CBEMA 

curve, Figure 2.2(b) shows the ITI curve and Figure 2.2(c) shows the SEMI F47 curve. 

 

The CBEMA curve was originally developed by the Computer Business Equipment 

Manufacturers Association. As shown in Figure 2.2(a), it is a set of curves representing 

the withstand capability of computers in terms of the magnitude and duration of the 

voltage disturbance. The CBEMA curve has become the standard reference to define the 

capability of various loads and devices for protection from power quality variations [30]. 

 

The CBEMA curve was changed to ITI curve in December 1994. As shown in Figure 

2.2(b), the ITI curve is just a digitized version of CBEMA curve covering three regions, 

namely no interruption in function region, no damage region and prohibited region. 

Semiconductor manufacturers obtain the voltage sag immunity standard for their 

equipment from the SEMI F47 standard. All equipment is required to operate in the 

region above the bolded line as shown in Figure 2.2(c). The SEMI F47 standard is 

expected to eliminate more than 90% of the power quality problems at semiconductor 

plants. 
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(a) 

 
(b) 

 
(c) 

Figure 2.2 : (a) CBEMA curve, (b) ITI curve and (c) SEMI F47. 

 

Equipment required to 
operate in this region 

Equipment not required 
to operate in this region 
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Besides sags in supply voltage, distortion can also occur in the supply voltage. The supply 

voltage distortion is defined by any deviation from the nominal sine waveform of the ac 

line voltage [27]. It is caused by the distorted voltage drop across the source impedance 

due to the nonlinear loads. The larger the source impedance, the more distorted will be the 

supply voltage for a nonlinear load. 

 

Figure 2.3 shows a typical supply network with A2 as nonlinear load. Two other linear 

loads A1 and A3 are supplied by the same supply voltage v at the PCC. As A2 is 

nonlinear load, harmonic currents (i3 + i5 + i7 + …) will be present besides fundamental 

current ibf. Therefore, the supply current is will be  

3 5 7s a bf ci i i i i i i ...= + + + + + +                                                                                   (2.1) 

where ibf is the fundamental current for load A2, and ia and ic are the currents of load A1 

and A3 respectively, which are also distorted due to the distortion in v. 
 

A1

A3

A2

is

v

PCC

ic

ibf+i3+i5+i7+...

ia

Voltage
source

vs

Linear load

Nonlinear
load

Linear load

nZ R jn L= + ω

 

Figure 2.3 :  Typical supply network with linear and nonlinear loads.  
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Hence, it is clear that is is distorted by the harmonic currents. These harmonic currents in 

is will cause a distorted voltage drop across the source impedance as illustrated by 

1 3 3 5 5 7 7s n a n c n bfi Z i Z i Z i Z i Z i Z i Z ...= + + + + + +                                                             (2.2) 

where n is the number of harmonic orders. 

 

As a result, the supply voltage v at the PCC, being the difference between the voltage 

source vs and the voltage drop across the source impedance Zn, will also be distorted as 

derived in (2.3). 

1 3 3 5 5 7 7

s s n

s a n c n bf

v v i Z
v i Z i Z i Z i Z i Z i Z ...

= −

= − − − − − − −
                                                          (2.3) 

Since 
1 1

a
A A

vi
R jn L

=
+ ω

 and 
3 3

c
A A

vi
R jn L

=
+ ω

, load A1 current ia and load A3 current ic 

will also be distorted if v is distorted despite they are linear loads with 1 1A AR jn L+ ω  and 

3 3A AR jn L+ ω  as their linear impedances. Therefore, the supply to all other loads 

connected to this PCC will suffer from a distortion too. The distorted supply voltage and 

current can cause the equipment in A1 and A3 to mal-operate. Depending on the 

seriousness of the distortion, it may even cause mal-operation of some protective devices. 

A typical waveform of distorted supply voltage is shown in Figure 2.4. 

 
Figure 2.4 :  Typical waveform of distorted supply voltage.  
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In IEEE Standard 519-1992 Table 10.2, the Total Harmonic Distortion (THD) of the 

voltage is limited to within 3% for special applications like hospitals and airports, 5% for 

a general system and 10% for a dedicated system which is exclusively dedicated to the 

converter load [31]. An extract of Table 10.2 is presented in Figure 2.5 

 

Figure 2.5 :  IEEE Standard 519-1992 Table 10.2. 

 

2.3 Harmonic Currents of Nonlinear Loads 

 

Nonlinear loads usually draw a non-sinusoidal current. Mathematician Fourier had proved 

that all periodic non-sinusoidal waveforms are made up from the sum of sine waves each 

with frequency being an integer multiple of the fundamental frequency and are often 

referred to as harmonic components [31], [32]. Therefore, nonlinear loads are said to 

produce harmonic currents. Examples of nonlinear devices are transformers, rotating 

machines, fluorescent lights and static var compensators [33]-[39].  

 

Power transformers are one of the harmonic sources because they use magnetic materials 

that are operated very close to and often in the nonlinear region for economic purposes 

[40]. As a result, the transformer magnetizing current is non-sinusoidal and contains 
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harmonics. For rotating machines, the windings are embedded in slots which can never be 

exactly sinusoidally distributed [40]. This causes the magneto-motive force (mmf) to be 

distorted. In fluorescent lamps, the voltage builds up in each half cycle till ignition occurs. 

The lamp then appears as a negative resistance, the current, which is being limited by the 

nonlinear reactive ballast, is thus distorted [40]. In order to control the conduction time of 

shunt capacitors or inductors in static var compensators during each half cycle to maintain 

a desired terminal voltage, the currents are “chopped” and become non-sinusoidal. 

Besides the nonlinear devices mentioned above, any device that consists of a power 

converter, rectifier or arc discharges is considered as nonlinear device. An example of the 

nonlinear current waveform for a typical 50kVA small PWM motor drive is shown in 

Figure 2.6. 

 

Figure 2.6 :  Typical current waveform of 50kVA small PWM motor drive.  

Harmonics will have different effects on different equipment. Table 2.1 summarizes the 

effects of harmonics on different equipment. It can be seen from Table 2.1 that harmonic 

currents have adverse effects on most of the commonly used equipment. Therefore, it is 

important to mitigate power system harmonics with compensators. Different mitigation 

method will be discussed in the later chapter. 
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Table 2.1 : Summary of effects of harmonics on different equipment. 

Equipment Effects of Harmonics on Equipment 

General -  Increase heating, dielectric thermal and voltage stress 

Motors and generators -  Increase heating due to iron and copper losses at harmonic 

frequencies 

Transformers -  Increase audible noises and parasitic heating 

Power cables -  Increase voltage stress and corona 

-  Increase skin effect and proximity effect 

Capacitors -  Increase heating and dielectric stress 

Electronic equipment -  Mal-operation or mal-function 

Metering -  Erroneous operation 

Switchgears and relays -  Increase heating and losses 

- Reduce steady-state current carrying capabilities and 

shortening lifespan of insulator 

Communication systems - Impair the satisfactory performance of communication 

systems 

-  Increase interference 

 

In view of the adverse effects that harmonic currents can have on equipment, IEEE has 

set a standard on the maximum harmonic current distortion. Table 10.3 of [31] contains a 

detailed description of the current distortion limits for general distribution systems. An 

extract of the table is presented in Figure 2.7. If the limits set in the table are closely 

exercised, the entire system should be able to operate without substantial harmonic 

distortion anywhere in the system. This implies that the harmonic distortion caused by a 

single consumer will be limited to an acceptable level at any point in the system [31]. 
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Figure 2.7 :  IEEE Standard 519-1992 Table 10.3. 

 
  
2.4 Poor Power Factor Loads 

 

In reality, most loads are either inductive or capacitive. They will not be purely resistive. 

Therefore, when the current passes through the load, it will lag or lead its supply voltage 

depending on whether the load is inductive or capacitive. Some loads could be very 

inductive or capacitive. As a result, the load current lags or leads its supply voltage too 

much and a wide displacement between them occurs. An index called the power factor is 

used to measure this phenomenon. Power factor (PF) for fundamental component in non-

sinusoidal signal is defined by 

1 1
1

V IPF cos
V I

= φ              (2.4) 
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where V and I are the rms value of the non-sinusoidal voltage and current respectively, V1 

and I1 are the rms value of the fundamental voltage and current respectively with φ1 as the 

phase angle between them. As shown in (2.4), the power factor comprises the 

displacement factor cosφ1 and the distortion factor 1 1V I
V I

. The displacement factor is an 

index to measure how much the load current and voltage are displaced from each other. 

As for the distortion factor, it is an index to measure how bad the load current and voltage 

are distorted. If the load current and voltage are both sinusoidal, the power factor will 

simply consist of the displacement factor cosφ. Usually loads with a power factor below 

0.8 are said to have a poor power factor. 

 

Loads with poor power factors cause problems too [41]-[44]. With low power factor, the 

reactive power is usually high. As reactive power is not the real actual power used to do 

work, it will be very inefficient to transport a high reactive power across the transmission 

line. This is because the high reactive power will cause heating problem and the cable 

may have to be oversized. That is why power factor is sometimes referred to as the energy 

efficiency index of an electric circuit [45]. Therefore, many utilities in different countries 

have imposed a penalty for consumers with a power factor lower than the utilities’ supply 

regulations. As such, many research works have been carried out to correct the low power 

factor. 

 

2.5 Unbalanced Load Currents 

 

In a balanced supply network, the 3-phase supply voltages will have an equal magnitude 

with a phase shift of 120° from each other. If the 3-phase loads are balanced, the load 
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currents will also be balanced, having the same magnitude with a phase shift of 120° from 

each other. However, when different loads are connected to each phase of the 3-phase 

network, the load currents will be unbalanced.  

 

Figure 2.8 shows a 3-phase supply network with unbalanced loads. It is assumed that load 

A2 in Figure 2.8 is different from loads A1 and A3. As a result, the load current for A2 

will also be different from those for A1 and A3. With unbalanced currents flowing 

through the 3-phase source impedances, the voltage drops across the 3-phase source 

impedances will be different and unbalanced too. Therefore, the 3-phase load voltages, 

being the difference between the 3-phase supply voltages and the voltage drops across the 

3-phase source impedances, will become unbalanced too.  

 

For motor loads, the positive sequence voltage will create an aiding flux to produce a 

positive and wanted torque. The negative sequence voltage will create an opposing flux 

against the rotor and produce a negative torque. Whereas the zero sequence voltage will 

give extra losses. Furthermore, the magnitude of the zero sequence voltage at the point of 

common coupling is usually limited by the utilities as it contributes to additional heating 

and losses for motors and generators. For the case where 3-phase 3-wire system supplies 

the loads, there will be no existence of zero sequence signal because there is no neutral 

wire to provide the return path. 
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Figure 2.8 :  3-phase supply network with unbalanced loads. 

 

The Australian Standard AS1359 [46] requires 3-phase machines to withstand a 

continuous voltage unbalance level of 1%. Other standards that are set to monitor 

unbalanced supply networks are NEMA [47] and the European Standard [48]. 
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CHAPTER 3 

 

SOLUTIONS TO POWER QUALITY PROBLEMS 

 

3.1 Introduction 

 

In Chapter 2, various power quality problems [49]-[52] have been discussed. It can be 

certain that if no actions are taken to compensate for all these power quality issues, they 

will have great impacts and effects in our power systems. There are several solutions to 

the power quality issues that have been discussed in Chapter 2. However, only a few 

methods are commonly and widely adopted by consumers. The way of mitigating voltage 

sag is a series compensator called dynamic voltage restorer (DVR). As for the harmonic 

currents produced by the nonlinear loads, passive and active filters are widely used as the 

compensators. The poor power factor of the load is usually corrected by capacitor banks 

connected in shunt with the load. Hence, this chapter will present a detailed discussion on 

the DVRs, passive filters, active filters and hybrid filters. 

 

3.2 Dynamic Voltage Restorers 

 

Power electronic converter based series compensators are usually used to protect critical 

and sensitive loads from supply voltage sags [53]-[58]. They are called dynamic voltage 

restorers (DVRs). The DVR employs IGBT solid-state power-electronic switches in a 

pulse-width modulated (PWM) inverter structure. It is capable of injecting additional 
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voltage in series with a distribution line so that the nominal voltage of the load can be 

maintained during voltage sag. To fulfill its operation, it requires an energy storage 

device, voltage source inverter (VSI) and injection transformer [1]. The simplified 

diagram of a DVR is shown in Figure 3.1. The energy storage can be a battery, 

superconducting magnetic energy storage, ultra-capacitor or flywheel. The VSI is used to 

convert the DC voltage of the energy storage into the AC voltage through a DC link 

capacitor. The AC voltage output of the VSI is usually stepped up by an injection 

transformer to provide the additional voltage required by the system. The purpose of the 

filter in the high voltage side of the injection transformer is to filter the unwanted higher 

order harmonics generated by the inverter. This filter can also be installed in the low 

voltage side of the transformer. Nevertheless, as the research advances, the injection 

transformer can be omitted subject to certain design conditions as described in [59], [60]. 

 

Figure 3.1 :  Simplified diagram of a DVR. 

During normal operation when there is no voltage sag, the DVR remains in a loss-optimal 

standby mode. The low-voltage side of the injection transformer is short circuited using 
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the short-circuited device, so that only the transformer leakage reactances are active on 

the high voltage side [1]. During a voltage sag, the load voltage drops to below the 

nominal value [61]. When the DVR detects the sag, it takes note of the magnitude of the 

sag so that it knows how much additional voltage is required to be injected in order to 

maintain the nominal load voltage. For example, in Figure 3.2, if the percentage voltage 

sag is 30%, the DVR is required to inject an additional 30% of the voltage to maintain the 

nominal voltage of the load. 

 

Figure 3.2 :  Connection of DVR with sensitive load. 

DVR has two schemes of injecting the additional voltage to help sensitive load to ride 

through the voltage sag. They are in-phase injection and phase-advance injection 

schemes. In-phase injection scheme is a method whereby the DVR simply injects the 

difference between the sag and pre-sag voltages in series with the incoming network. This 

means that the DVR simply injects Ui in phase with Us to maintain the load at Uo as 

shown in the phasor diagram of Figure 3.3(a). This injection strategy can be applied to 

both the balanced and unbalanced voltage sags. The restored voltage will be the same as 

the pre-sag voltage [60]. 
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Alternatively, the phase-advance injection scheme is more advanced and complex than 

the in-phase injection scheme [60], [62]. In this scheme, Ui has a phase advance of ψ with 

respect to Us as shown in Figure 3.3(b) [62]. Upon detection of a voltage sag, the control 

circuit of the DVR computes the in-phase voltage injection required. That is it assumes ψ 

= 0. ψ is then slowly increased by a small positive value. The magnitude of the injection 

voltage is computed again based on every new value of ψ. The control circuit of the DVR 

repeats the above procedure until the phasor sum of Us and Ui is equal to the pre-sag 

voltage Uo before keeping Ui and ψ constant [62]. 

Uo

Ui

Us

I
ϕ

 

(a) 

Us

Uo Ui

I

Ψ

 

(b) 

Figure 3.3 :  Phasor diagrams of (a) in-phase injection scheme and (b) phase-advance 

injection scheme. 

After understanding how a DVR operates to mitigate voltage sag, we will now discuss 

how harmonic currents generated by nonlinear loads can be compensated. 
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3.3 Harmonic Filters 

 

To alleviate harmonic related problems, utilities have enforced IEEE 519-1992 

recommended harmonic standards for industrial and large commercial consumers. This 

increases the need for cost-effective and practically viable approaches to harmonic 

filtering problems to meet IEEE 519-1992 recommended harmonic standards. Some of 

the existing solutions for the harmonic problems are passive filters [63]-[72], active filters 

[73]-[87] and hybrid filters [88]-[97]. 

3.3.1 Passive Filters 

Passive filters have traditionally been used to absorb harmonics generated by large 

industrial loads, primarily due to their simplicity, low cost and high efficiency. The 

principle of the passive filters is to provide a low-impedance shunt branch to the load 

harmonic currents, thus reducing harmonic currents flowing into the source. However, the 

source impedance strongly influences the compensation characteristics of the passive 

filters. Passive filters are highly susceptible to series and parallel resonance with the 

supply. 

 

Usually, a shunt passive filter consists of RLC tuned to filter harmonics of a particular 

frequency. Using Figure 3.4 for illustration, the nonlinear load current is represented by 

two current sources. iLh is the harmonic currents of the nonlinear load and iLf is the 

fundamental current of the nonlinear load. If the shunt passive filter consisting of Rsh, Lsh 

and Csh in Figure 3.4 is tuned to filter 3rd order harmonic current, the fraction of 3rd order 

harmonic current trapped by the filter will be determined by the impedance of the filter at 

resonance (Rsh) and the impedance of the supply (Rs+jωLs). This is another disadvantage 

of using passive filter. Each RLC branch can only be tuned to filter one harmonic order. 

Therefore, many branches will be required to compensate for a range of harmonics. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

 

NANYANG TECHNOLOGICAL UNIVERSITY 
School of Electrical and Electronic Engineering 

 
 

Chapter  3 
 

Power Quality Improvement Using Unified Power Quality Conditioner 31 
 

Furthermore, it is also mentioned in [64] that once the passive filters are installed, they 

cannot adapt to any variation in the system operating condition as the tuned frequency 

and filter size cannot be changed easily. Even with the use of genetic algorithms in [66] 

and [70] and nonlinear optimization method in [65], it does not help much in reducing the 

limitations as described in [64]. As such, it is not very cost-effective to use passive filters 

for harmonics compensation. 

 

LsRs

Csh

Lsh

Rsh

v iLh iLf

Nonliner Load

if

iLh

 

Figure 3.4 :  Typical passive filter used in harmonics compensation. 

Therefore, in order to overcome the limitations of passive filters, active filters are 

introduced. 

3.3.2 Active Filters 

Active filter solutions are developed to overcome the technical limitations of the passive 

filters. The active filter concept uses a power electronic converter to inject harmonic 

currents with the same amplitude and opposite phase to the load harmonic currents 

flowing into the line, thus eliminating harmonic currents flowing into the line. However, 

the active filter requires a large rating if there is high peak harmonic and this will result in 

higher cost investment. 

Figure 3.5 shows a typical 3-phase shunt active filter. A controller will be used to control 

the firing of the switches of the VSI so that the shunt active filter produces equal-but-

opposite harmonic currents to cancel the current harmonics of the nonlinear loads. The 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

 

NANYANG TECHNOLOGICAL UNIVERSITY 
School of Electrical and Electronic Engineering 

 
 

Chapter  3 
 

Power Quality Improvement Using Unified Power Quality Conditioner 32 
 

effectiveness of the shunt active filter is thus mainly dependent on the controller used. 

That is why current major researches have been carried out on control circuit designs for 

active filters. In [79], the use of automatic gain control in a shunt active filter for 

harmonic damping throughout a power distribution system is discussed. In [80], a digital-

controlled shunt active filter based on voltage detection to damp out harmonic 

propagation is presented. The application of neural networks as a controller for a shunt 

active filter to suppress the voltage harmonics is described in [82]. Other methods that are 

used include indirect identification using band-pass filter and subtraction, use of an FFT 

or similar frequency domain technique, use of a heterodyne operation to identify the 

fundamental, and identification of real power and subtraction. 

Therefore, it can be seen that the use of artificial intelligence as controllers for active 

filters is very seldom considered and it will be very motivating to extend the research on 

the application of artificial intelligence to active filters. That is why this thesis proposes 

the use of artificial neural network (ANN) techniques for the shunt active filter that will 

be discussed with details in Chapter 4.  

 

Figure 3.5 :  Typical 3-phase shunt active filter. 
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3.3.3 Hybrid Filters 

Hybrid filters consist of both active filters and passive filters in different configurations. 

Hybrid filters effectively address and overcome the technical limitations of both passive 

filters and active filters and provide a cost-effective and practical harmonics 

compensation approach. They improve the compensation characteristics of the passive 

filters and thus realize a reduction in the rating of the active filters. 

 

Figure 3.6 presents a typical 3-phase hybrid filter with active filter on the left and passive 

filter on the right. Another hybrid filter configuration can be with passive filter on the left 

and active filter on the right. More than one branch of passive filter can be used sometime 

to reduce the rating of the active filter.  

 

Figure 3.6 :  Typical 3-phase hybrid filter. 

 

3.4 Power Factor Correction Capacitor Banks 

 

As most of the loads are inductive, capacitor banks are connected in parallel with them to 

improve the power factor. The capacitor banks can be connected in star-formation or 
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delta-formation as shown in Figure 3.7(a) and (b). The capacitor banks correct the power 

factor by supplying the inductive loads with the required reactive power, thus reducing 

the network reactive and apparent powers.  

 

CcCbCa

To
3-phase

load

From
3-phase
supply

 

(a) 

Cc

Cb

Ca

From
3-phase
supply

To
3-phase

load

 

(b) 

Figure 3.7 :  Configurations of (a) star-connected capacitor bank and (b) delta-connected 

capacitor bank. 

 

It can be seen in this chapter that each power quality issue requires specific equipment for 

compensation. Therefore, it will be very cost-effective if a single integrated piece of 

equipment can compensate most of the major power quality issues if not all. In the 

following chapters of this thesis, we will discuss how the research has been done towards 

this trend.  
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CHAPTER 4 

 

SHUNT ACTIVE FILTERS 

 

4.1 Introduction 

 

In this research, we focus mainly on compensating the harmonic currents of the nonlinear 

loads using active filters. Active filters can be constructed differently with different 

control methods. Conventional active filters can only compensate the harmonic load 

currents. However, this chapter will present the progressive improvements to shunt active 

filters carried out by the author. The ultimate objective is to integrate multi-features to the 

shunt active filters so that they can resolve most of the major power quality problems 

besides harmonic current compensation.   

 

Though shunt active filters can be controlled in many ways practically in the form of 

analogue circuit, digital signal processing and using artificial intelligence, the basic 

operating principle of shunt active filters is similar. We will discuss their operating 

principle before going into different control circuit designs. 

 

4.2 Operating Principle of Shunt Active Filters 

 

The equivalent single-phase representation of a typical shunt active filter is shown in 

Figure 4.1. The nonlinear load current iL is modeled by two current sources iLh 
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(instantaneous harmonic currents) and iLf (instantaneous fundamental current). Current 

source iinj is used to model the instantaneous injection current of the shunt active filter. 

is
iinj

iL

iLh iLf

Nonlinear
load  

Figure 4.1 :  Equivalent single-phase circuit of typical shunt active filter. 

From Figure 4.1, it can be shown that 

s inj L Lh Lfi i i i i+ = = +                        (4.1) 

To achieve the objective that the supply current is consists only of the fundamental 

component of the nonlinear load current iLf, from (4.1), 

inj Lhi i=               (4.2) 

Equation (4.2) illustrates that in order to obtain a clean sinusoidal is, the shunt active filter 

must keep on injecting compensating harmonic currents to cancel the current harmonics 

present in the nonlinear load current [98]. In order to achieve (4.2) effectively, many 

different extraction circuits and control circuits have been researched and designed. In the 

next four sections, we will examine how four different types of extraction circuit and 

control circuit are used in shunt active filters.  
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4.3 Analogue Shunt Active Filter 

 

In the analogue shunt active filter, the whole active filter is constructed using discrete 

analogue electronic components. The block diagram of the designed single-phase 

analogue shunt active filter is shown in Figure 4.2. It consists of a Biquad band-pass 

filter, PWM current controller, IGBT gate driver card, voltage source inverter and low-

pass interfacing circuit.  

Supply
voltage

Nonlinear
load

Voltage
source
inverter

Low-pass
interfacing

circuit

IGBT
gate driver card

PWM current
controller

Biquad band-
pass filter

iL

iL = iLf + iLh

is

iinj

iL

iLfiLh

-
+

Figure 4.2 :  Block diagram of analogue shunt active filter. 

The nonlinear load current iL is measured and passed to the Biquad band-pass filter. The 

Tow-Thomas Biquad band-pass filter [99] is designed to have upper pass-band frequency 

of 55Hz and lower pass-band frequency of 45Hz with unity gain and a Q-factor of 5. 

Using these requirements together with the schematic diagram of the Biquad filter shown 

in Figure 4.3, the transfer function is derived as 

2
62 83

62 83 98696bq
. sTF

s . s
=

+ +
                       (4.3) 
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Figure 4.3 :  Schematic diagram of Biquad band-pass filter. 

After iL has passed through the Biquad band-pass filter, the filter outputs the fundamental 

current iLf present in iL. This extracted iLf will be subtracted away from iL to obtain the 

harmonic currents iLh present in iL. The extracted iLh is passed to the pulse-width-

modulation (PWM) current controller which consists of an unipolar triangular wave 

generator and a pulse-width modulator. Figure 4.4 shows the block diagram of the 

unipolar triangular wave generator in the PWM current controller. It is able to self-adjust 

its output amplitude so as to keep track of its load changing peak value.  

 +2V 

-2V 

+5V

-5V

 +1V

-1V

 +2V 

 
+1V 

 +2V

 

Figure 4.4 :  Block diagram of unipolar triangular wave generator. 
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To illustrate the system operation, the waveform generator 8038 at node A of Figure 4.4 

produces a bipolar 10kHz triangular wave. The peak detector block captures the peak 

value of iLh and yields a DC voltage at node D. This peak value is withheld until a new 

larger peak value is detected in which the circuit will update the DC voltage regulator to a 

new peak value. 

 

Both signals at nodes A and B are fed into the multiplier AD 633 to produce a bipolar 

triangular wave at node C, capable of tracking the input peak value. The waveform at 

node C is summed with a DC voltage at node D (half of the amplitude at node B) to 

generate the final unipolar triangular waveform Vtri at node E. 

 

Vtri will then be passed to the PWM modulator which compares Vtri with the extracted iLh 

to generate the required switching signals to the gate driver. In this research, two high-

speed dual comparators LM319 are configured as shown in Figure 4.5 to perform 

necessary comparison and switching function. 
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Figure 4.5 :  Schematic diagram of high-speed dual comparator using LM 319. 
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However, due to the slew rate and significant rise and fall time of the operational 

amplifiers, the waveform of the modulated pulses becomes too small and appears to be 

triangular. As such, it may cause misinterpretation by the gate driver if the signals are 

injected directly into the gate driver. To solve this problem, a level shifter with fast rise 

and fall time is used. All inputs to the level shifter are shifted from any voltage above 5V 

to a stable level of 15V which meets the IGBT gate driver card input criteria.  

 

The gate driver card used to drive power semiconductor devices in this analogue shunt 

active filter is Semikron SKHI60. The driver basically comprises short circuit protection 

for six IGBTs in full bridge three phases connection. The card comes in three separate 

modules but only two modules are utilized. Each module drives two separate IGBT legs 

individually. There are two sets of connector pins that link the gate driver to the IGBT 

legs. Unlike the higher power circuit, small signal wires are sufficient for the connection 

as the card itself has high impedance across its Gate-Emitter terminal. The switching 

pulses produced by the gate driver will be used to switch the IGBT gates of the VSI with 

the configuration as shown in Figure 4.6.  

 

Figure 4.6 : Configuration of single-phase voltage source inverter. 

The VSI converts the DC voltage source Vdc into an AC output statically, that is, without 

any rotating machines or mechanical devices. The PWM current controller through the 

gate driver card will provide the necessary pulses to turn “ON” and “OFF” each IGBT 
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with the correct timing and sequence. These IGBTs are repetitively operated in such a 

way that Vdc at the input terminals of the VSI appears as AC at its output terminals. 

 

Due to the switching actions, the voltage output of the PWM inverter will include high-

frequency switching noise and harmonics. Therefore, an output passive low-pass filter 

must be incorporated in the circuit. The adopted solution [100] to the output filtering 

problem is the combined use of an ordinary second-order LC low-pass filter shown in 

Figure 4.7, with R1 and C1 as the damping branch. 

Lf

Cf

R1

C1

+ Vo

- Vo

iinj

 

Figure 4.7 : LC low-pass filter with damping branch. 

The output of the low-pass filter is connected in shunt to the nonlinear load at the PCC. 

The operating performance of this designed analogue shunt active filter is verified 

through simulation and experimental studies which will be discussed in Chapter 6. 

 

4.4 Digital Signal Processing–Based Shunt Active Filter 

 

In the previous section, the shunt active filter is designed using discrete analogue 

electronic components. It can be seen from the previous section that a long design 

procedure is required for the analogue shunt active filter. Furthermore, analogue 

construction of the shunt active filters is very inflexible. Any changes in the control 
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design or parameters would require tedious reconnection of the discrete electronic 

components. The reliability of the analogue shunt active filter is also low because many 

discrete electronic components and wires are used, and each electronic component is 

subjected to its own failure rate. When failure happens, it will be difficult to troubleshoot 

the cause as too many discrete components and wires are used. The problem may come 

from a crack in the wire that is not visible because it is enclosed by the insulation.  

 

Therefore, to minimize the use of discrete electronic components and wires, the schematic 

diagrams of most of the modules shown in the previous section are converted to Matlab 

models so that they can be easily used to create a digital signal processing (DSP) 

program. The DSP program is to be used by a dSPACE DS 1103 PPC Controller Board. 

It is specifically designed for development of high-speed multivariable digital controllers 

and real-time simulations in various fields. It is a complete real-time control system based 

on the Motorola PowerPC 604e processor. For advanced input/output (I/O) purposes, the 

board includes a slave-DSP subsystem based on the Texas Instruments TMS320F240 

DSP micro-controller. The block diagram of the designed single-phase DSP shunt active 

filter is presented in Figure 4.8. 

 

The nonlinear load current iL is measured by the current transducer and sent to the 

analogue-to-digital converter (ADC) so that the DSP can use the digitized load current 

iL(k) for processing. The digitized load current iL(k) will pass through the Chebyshev 5th 

order band-stop filter as illustrated in Figure 4.9. Figure 4.9 shows the actual DSP-based 

Chebyshev band-stop filter and DSP-based PWM current controller built for the dSPACE 

DSP system using Matlab. The Chebyshev band-stop filter has a lower stop-band edge 

frequency set at 45Hz and upper stop-band edge frequency set at 55Hz. This is to ensure 
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that the fundamental signal (50Hz) falls within the stop-band region. The stop-band ripple 

is set to 40dB so that the fundamental component is well suppressed and the signal that 

remains is the harmonics.                          

Supply
voltage

Nonlinear
load

Voltage
source
inverter

Low-pass
interfacing

circuit

IGBT gates
driver card

DSP-based
PWM current controller

DSP-based
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band-stop filter

DAC

ADC

iL

iL

is

iinj

iL

iL(k)iLh(k)

 

Figure 4.8 :  Block diagram of single-phase DSP-based shunt active filter. 
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Figure 4.9 :  DSP-based Chebyshev band-stop filter and PWM current controller. 

At this instance, it can be clearly seen that it is much easier to use the DSP to design the 

control for shunt active filters. Take the design of the band-stop filter for example, the 

design of the filter, the type of filter, the order of filter, the cut-off frequencies and so on 
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can be changed simply by keying the data and choosing the data as desired from the 

parameter dialogue box. However, if the above design is done using analogue circuit, a 

change of any of the parameters will require a change in the discrete electronic 

components, reconnection and redesign. The complicated designs discussed in Section 4.3 

are now replaced in this section by simple block sets with flexible and easy parameter 

tuning. The harmonic currents iLh(k) from the output of the Chebyshev band-stop filter is 

sent to the DSP-based PWM current controller block set as illustrated in Figure 4.9.  

 

The PWM block set is an I/O available on the slave DSP and is able to generate up to four 

independent PWM signals. It modulates the PWM output signal based on data words in 

the range from 0 to 1. Hence, in this application, only two are used, one for the positive 

half of the extracted iLh(k) and the other for the negative half. The purpose of the gain 

blocks shown in Figure 4.9 is to ensure that the maximum data of the extracted iLh(k) is 1 

so that the modulation index is still 1, like the analogue counterpart. The gain block with 

negative gain is used to invert the extracted iLh(k) so that its negative half is used to 

generate the required pulses. The frequency of Vtri is set to 15kHz. The pulses from the 

output of the PWM current controller block is converted to analogue signal by the digital-

to-analogue converter (DAC) integrated in the DSP PWM. Again unlike the analogue 

PWM current controller, this DSP-based PWM current controller does not require any 

triangular wave generator circuit and comparator and the frequency of the carrier can be 

adjusted easily without the need for redesign and reconnection.  

 

Like the analogue shunt active filter discussed in Section 4.3, the analogue pulses from 

the DAC will be sent to a voltage level shifter before passing to the IGBT gate driver 

card. The configuration of the single-phase IGBT VSI and low-pass interfacing filter are 
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the same as those shown in Figure 4.6 and Figure 4.7 of Section 4.3, respectively. This 

DSP-based shunt active filter is verified through experimental studies which will be 

discussed in Chapter 6.   

 

From Sections 4.3 and 4.4, the designed shunt active filters are not self-adaptive and 

robust. This means that if there is a variation in the nonlinear load current or nonlinear 

load type, the designed shunt active filters may not be able to compensate satisfactorily 

after the variation takes place. It will have a problem tracking the new data due to the 

variation. To take this point into consideration, artificial intelligence is used. As artificial 

intelligence is well known for its robust, intelligent control and error tracking, it will be a 

good choice to apply artificial intelligence in the area of active filters. Although many 

major research works on control circuit designs of shunt active filters have been carried 

out, the application of artificial intelligence to shunt active filters is very seldom 

considered. In the following two sections, we will examine on how the application of 

artificial intelligence can affect greatly the performance and operation of shunt active 

filters. 

 

4.5 Artificial Neural Network (ANN)-Controlled Shunt Active Filter 

 

In this section, we will investigate how artificial intelligence, in this case artificial neural 

networks (ANNs), can be applied in shunt active filters. Before discussing the details of 

how an ANN-controlled shunt active filter is designed, we will first study the system 

configuration of this ANN-controlled shunt active filter. 
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4.5.1  System Configuration 
 

The equivalent single-phase circuit of the designed ANN-controlled shunt active filter is 

shown in Figure 4.10.  

v

is

iL

iinj

Lsh

Vdc.u

Rsh

Nonlinear
Load

vL

 

Figure 4.10 :  Equivalent single-phase circuit of ANN-controlled shunt active filter. 

 

The current source iL is used to model the instantaneous current of the nonlinear load that 

can be represented by 

( ) ( )
3 5

L Lf Lf Lh Lh
h , ,...

i I sin t I sin h t
∞

=
= ω −φ + ω −φ∑             

   Lf Lhi i= +                                           (4.4) 

where ILf is the peak value of the fundamental load current, ILh is the peak value of the 

harmonic load current, φLf and φLh are the phase angle of the fundamental and harmonic 

component of the load current, respectively. Voltage source v represents the instantaneous 

supply voltage at the PCC with is as its instantaneous supply current. The injection current 

of the shunt active filter is denoted by iinj. The first order low-pass filter in series with the 

VSI output is represented by inductor Lsh with resistor Rsh as the inverter losses. dcV  

denotes the voltage of dc supply for the VSI. The switched voltage across the VSI output 
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is represented by dcV u⋅  where u takes a value of either -1 or 1 depending on the 

switching signal of the PWM that will be discussed in Section 4.5.4. 

 

From Figure 4.10, it is clear that  

s inj L

Lf Lh

i i i

i i

+ =

= +
                                              (4.5) 

In order to have is that consists only of iLf, from (4.5), 

inj Lhi i=                          (4.6) 

Equation (4.6) concurs that the shunt active filter has to keep on injecting the harmonic 

currents of the nonlinear load to obtain a clean sinusoidal supply current. To achieve the 

above concept, this research proposes the use of an adaptive shunt active filter with its 

single-phase equivalent block diagram as shown in Figure 4.11. The current transducer 

samples iL discretely and sends it to the adaptive ANN extraction circuit that generates 

iLf(k). For illustration, iLf(k) is represented mathematically as 
 

( ) ( )Lf Lf Lfi k I sin k t= ω∆ −φ                                            (4.7) 

 

where k is the kth sampling of the respective data and ∆t is the sampling period. 

 

The extracted harmonic current iLh(k) is obtained by taking the difference between iL(k)  

and iLf(k). This extracted harmonic current iLh(k) is used in the ANN control circuit to 

control the PWM VSI. In this way, the VSI will be able to produce compensating 

harmonic current iinj. As a result, the current harmonic components of the nonlinear load 

are cancelled by iinj. iinj is also fed back to the ANN to enable the ANN controller to 

control the PWM VSI. With this ANN-controlled shunt active filter compensation, the 
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supply current will be of good quality. All the modules shown in Figure 4.11 will be 

discussed in detail in the following sections. 
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Figure 4.11 :  Equivalent single-phase block diagram of ANN-controlled shunt active 
filter. 

 

4.5.2  Adaptive ANN Extraction Circuit 
 
Artificial neural networks (ANNs) are composed of simple elements operating in parallel. 

These elements are inspired by biological nervous systems. As in nature, the network 

function is determined largely by the connections between elements. Artificial neurons 

are used to represent the biological neuron abstraction carried out in a computer program 

as shown in Figure 4.12.  
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Figure 4.12 :  Artificial neuron model. 

 

As shown in Figure 4.12, each artificial neuron will consist of the following three basic 

elements: 

1. A set of connecting links, each of which is characterized by a weight of its own. 

Where j = 1 to n, a signal i(j) at the input of synapse j connected to the neuron will 

be multiplied by the synaptic weight wj before they are summed at the summing 

junction.  

2. A summing junction for summing the input signals which are weighted by the 

respective connecting links of the neuron. This summing junction is represented in 

Figure 4.12 by the circle with a sigma inside it.  

3. An activation function for limiting the amplitude of the output of a neuron which 

is represented by the square with a “f” inside it. This activation function is also 

referred to as a squashing function in that it squashes (limits) the permissible 

amplitude range of the output signal to some finite value. 

 

ANNs are trained to perform a particular function by adjusting the values of the 

connections (called weights w1, w2,…, wn) between elements. Commonly, neural 

networks are adjusted or trained, so that a particular input leads to a specific target output 

as shown in Figure 4.13. 
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Figure 4.13 :  ANN topology. 

 

In Figure 4.13, the ANNs are adjusted based on a comparison of the output and the target 

until the network output matches the target. Typically, many such input/target pairs are 

used to train ANNs and neurons are connected to form different layers. The architecture 

of ANNs used here is the feedforward one as shown in Figure 4.14. 

∑

∑

∑

∑

∑

∑

∑

∑

∑

 

Figure 4.14 :  Feedforward ANN architecture. 

In general, all ANN architectures consist of 3 basic layers, namely the input, hidden and 

output layers. The input layers store all the input data and the hidden layers are layers that 

perform all the computations. The results of the computations are stored in the output 

layers. Each layer will consist of several neurons. The ANNs compute the input data in a 

parallel way, which is faster than that using sequential computation [101], [102]. 
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To apply the above ANN theory in shunt active filters, we make use of the concept that 

any periodic signal can be represented by the sum of sine and cosine components with an 

appropriate coefficient attached to each of these components. Hence, the adaptive ANN 

extraction circuit is used to estimate iLf(k) based on that concept. This means that the 

nonlinear load current can be represented as 
 

( ) ( ) ( )1 2
1 2 3

N

L n n
n , , ,...

i k w sin nk t w cos nk t
=

⎡ ⎤= ω∆ + ω∆⎣ ⎦∑                                                       (4.8)                  

 

where w1n and w2n are the amplitudes of the sine and cosine components of the measured 

nonlinear load current. In vectorial form, 
 

( ) ( )T
Li k W X k=                                                                                                             (4.9)                    

 

where the weight matrix [ ]11 21 1 2
T

N NW w w ... w w=  and the sine/cosine vector 

( )

( )
( )

( )
( )

sin k t
cos k t

X k
sin Nk t
cos Nk t

⎡ ⎤ω∆
⎢ ⎥ω∆⎢ ⎥
⎢ ⎥=
⎢ ⎥

ω∆⎢ ⎥
⎢ ⎥ω∆⎣ ⎦

. 

 

Therefore, if iL(k) can be estimated correctly, iLf(k) and iLh(k) will be readily available. 

With this aim in mind, an adaptive ANN algorithm is used to train TW to give a precise 

estimation of iL(k). Figure 4.15 shows how (4.9) can be achieved. The heart of this 

adaptive ANN extraction circuit is the weights updating algorithm block shown in Figure 

4.15 and the Widrow-Hoff (W-H) weights updating algorithm [103], [104] is used in this 

thesis.  
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The W-H weights updating algorithm minimizes the average square error e(k) between 

the actual measured signal iL(k) and the estimated signal iest(k) as illustrated in Figure 4.15 

that can be written as  
 

( ) ( ) ( ) ( )
( ) ( )

1 T

e k X k
W k W k

X k X k
+ = +                                                                                  (4.10) 

 

where ( ) ( ) ( )L este k i k i k= −  and ( ) ( )TX k X k  is the square of the norm of the vector 

( )X k . As ( )X k  comprises pairs of time-varying orthogonal sine and cosine, the result 

of ( ) ( )TX k X k  will be equal to N which is the number of harmonic orders to be 

estimated. 
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Figure 4.15 :  Conventional adaptive ANN extraction circuit topology. 
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A control mechanism is actuated by the error signal e(k), the purpose of which is to apply 

a sequence of corrective adjustments to the synaptic weights of the neuron [105]. These 

corrective adjustments make the estimated signal iest(k) closer to the desired signal iL(k) in 

a step-by-step manner. In each iteration, e(k) is found by subtracting iest(k) from iL(k). 

This e(k) is used in (4.10) to calculate the weights for the next iteration ( )1W k + , which 

minimizes that error. After a few iteration processes, iest(k) will converge and adapt to 

iL(k).  

 

The value of iLf(k) is output by the adaptive ANN extraction circuit while the weights in 

TW  are still being updated to give a precise iLf(k). Hence, iLh(k) can be generated by 

subtracting iLf(k) from iL(k). In order to ensure iinj(k)=iLh(k), another neural network 

controller is designed to achieve this objective and will be discussed in the following 

section. 

 

4.5.3  Principle of ANN Controller 

For this ANN controller, the ANN is trained using Levenberg-Marquardt backpropagation 

(LMBP). By using LMBP, faster convergence can be achieved. This method is different 

from the well-known error backpropagation in the way that it uses resulting derivatives 

for the weights updating. LMBP algorithm is well suited for neural network training 

where the performance function is mean square error. 

 

As in a standard backpropagation algorithm, this LMBP algorithm also has forward pass 

and backward pass. During the forward pass it calculates the model output error for the 

given data set by fixing the weights. The weights are updated in the backward pass in 

order to make the model response equal to the desired signal.  
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The LMBP algorithm is described in the following steps: 

1. Initialization: The ANN is started with a reasonable network configuration, and all 

the weights and biases are set to small random numbers that are uniformly 

distributed. 

 

2. Let the training set be {[p(1), r(1)], [p(2), r(2)], …….., [p(h), r(h)]}, where h 

represents the number of patterns or examples in the training data set, and p, r are 

the input and the desired response respectively. The input vector pattern p(h) is 

applied to the input layer of sensory nodes and the desired response vector r(h) is 

presented to the output layer of computation nodes. The activation potential qj(h) 

and function signal aj(h) of the network are calculated by proceeding forward 

through the network, layer by layer. 

( ) ( )0a h p h=          for input layer                                                                   (4.11) 

( ) ( )( )1 1 1 1

0 1 1 1 2

l l l l la h f W a h b ,

l , , ..., M and h , , ..., H .

+ + + += +

= − =
                                                           (4.12)        

( ) ( ) ( )M
pe h r h a h= −                                                                                      (4.13)                    

where ( )pe h  is the error vector and h refers to the training pattern presented to the 

network. 1lW +  is the weight matrix connecting lth and (l+1)th layers and 1lb +  is 

the bias vector for (l+1)th layer. 

 

3. The sum of squared errors E over all the inputs is computed using (4.14). 
 

( ) ( ) ( )2

1 1 1

1 1
2 2

SH H MT
p p p j ,hh h j

E e h e h e
= = =
⎡ ⎤= =⎣ ⎦∑ ∑ ∑                                                       (4.14)     
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4. The error E is passed in the backward direction and the weights are updated, on a 

layer-by-layer basis. In order to achieve this, the sensitivities or derivatives of the 

performance function with respect to the weights and biases are calculated. The 

gradient of E in terms of Jacobian can be represented by (4.15). 
 

( ) ( )T
p

E J x e x
x
∂

=
∂

                                                                                          (4.15) 

where x  is the vector of all the weights and biases and ( )J x  is the TxC Jacobian 

Matrix, given by (4.16). 
 

 

( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

1 1 1

1 2

2 2 2

1 2

1 2

p, p, p ,

C

p, p, p,

C

p,T p,T p,T

C

e x e x e x
...

x x x
e x e x e x

...
x x x

J x

e x e x e x
...

x x x

⎡ ⎤∂ ∂ ∂
⎢ ⎥

∂ ∂ ∂⎢ ⎥
⎢ ⎥∂ ∂ ∂
⎢ ⎥

∂ ∂ ∂⎢ ⎥
= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
∂ ∂ ∂⎢ ⎥
⎢ ⎥∂ ∂ ∂⎢ ⎥⎣ ⎦

                                  (4.16) 

 
 

T in (4.16) is the product of the number of the input/target pairs and the dimension 

of neural network output vector SM, and C is the total number of neural network 

coefficients. The output error vector ( )pe x  can be represented as in (4.17). 

 

( ) ( ) ( ) ( )1 2
T

p p, p, p ,Te x e x e x ... e x⎡ ⎤= ⎣ ⎦                                                    (4.17) 

 

The calculation of the above Jacobian matrix is the key step in LMBP algorithm. 

Hence, the derivative of (4.13) with respect to variable cx , which is one element 

of the Jacobian matrix, can be shown in (4.18). 
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( ) ( ) ( ) ( )M M
p,

,c
c c c

r h a he h aJ x
x x x

τ ττ τ
τ

⎡ ⎤∂ −∂ ∂⎣ ⎦= = = −
∂ ∂ ∂

                                           (4.18) 

 

cx  can be 1l
i , jw +  or 1l

ib + , where τ=1, 2, …, T, c=1, 2, …, C, and l=1, 2, …, SM (the 

number of neurons in the output layer). For output neuron z, the net input M
zq  to 

the transfer function could be written as (4.19). 
 

( )1 1

1

SMM M M M
z z , j j z

j
q w a b

− −

=
= +∑                                                                               (4.19) 

 

With ( )M M
z za f q= , we take the partial derivatives with respect to M

z, jw  and M
zb , 

( ) ( ) ( ) 1
M MM Mz z M Mz z

z jM M M M
z, j z , j z z , j

f q f qa q f q a
w w q w

−
∂ ∂∂ ∂

= = ⋅ =
∂ ∂ ∂ ∂

                                        (4.20) 

( ) ( ) ( )
M MM Mz z Mz z

zM M M M
z z z z

f q f qa q f q
b b q b

∂ ∂∂ ∂
= = ⋅ =

∂ ∂ ∂ ∂
                                                    (4.21) 

 

( )M
zf q  is the derivative of the activation function of the output layer with respect 

to the net input. Let ( )1l
i ,z h+σ  be defined as one element of the sensitivity matrix 

( )1l h+σ  as shown in (4.22). 

 

( )
( )

( )( )
( )

1
1 1

MM
zzl

i ,z l l
i i

f q ha h
q h q h

+
+ +

∂∂
σ = =

∂ ∂
                                                                         (4.22) 

 

In this algorithm, the sensitivity matrix is initialized at the output layer which is 

given by the first derivative of its transfer function. 
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( )( )M M MF q hσ =                                                                                           (4.23)                    

( )Mq h  is the vector of the net input to the transfer function and 

 

( )( ) ( )( ) ( )( ) ( )( )1 2
M M M M M

SM
F q h diag f q h f q h ... f q h⎡ ⎤= ⎣ ⎦                   (4.24)                   

 

After deriving all the above equations, the Jacobian matrix in (4.16) can be 

assembled using (4.20), (4.21), (4.23) and (4.24). 

 

5. Finally, the weights and biases are updated using (4.25). 
 

( ) ( ) ( ) ( )
1T T

px J x J x I J x e x
−

⎡ ⎤∆ = +µ⎣ ⎦                                                        (4.25) 

 

µ in (4.25) is the step multiplier and ( )pe x  is the error vector. The equation 

approximates a gradient descent method if µ is very large. However, if µ is small, 

the equation becomes the Gauss-Newton method. As the later method is faster and 

more accurate near an error minimum, the aim is to shift towards the Guass-

Newton method as quickly as possible. Hence, µ is decreased after each 

successful step and increased only when a step increases the error. This means 

that if the sum of squared error is smaller than that of the previous step, µ is 

divided by a factor to decrease, but it will be multiplied by a factor to increase if 

the sum of squared error is greater than that of the previous step. 

 

Using the above described training method, the ANN controller designed here has two 

inputs and one output with a single hidden layer. The activation function used in the 

hidden layer is tan-sigmoid.  
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4.5.4 Injection Circuit 

The injection circuit consists of the PWM VSI and the low-pass filter as shown in Figure 

4.16. The 3-phase VSI is made up of 3 single-phase VSIs which can be controlled 

independently by PWM. The inductor Lsh at the output of the VSI is the first order low-

pass interfacing filter with the transfer function 

1
LP

sh
TF

sL
=                                              (4.26) 

dc aV u⋅

dc bV u⋅

dc cV u⋅

 

Figure 4.16 :  Configuration of 3-phase ANN-controlled shunt active filter. 

 

The PWM will compare the reference current ( )'
inji k  with triangular waveform Vtri(k) for 

each phase and hence turn “ON” and “OFF” the IGBTs accordingly. When ( )'
inji k > 

Vtri(k), u=1  and when ( )'
inji k <Vtri(k), u=–1. 
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4.5.5  Overall Model 

The adaptive ANN extraction circuit, the ANN controller and the injection circuit 

described previously are connected together in the overall model as shown in Figure 4.17. 

The measured iL(k) is passed to the adaptive ANN extraction circuit to produce iLf(k) so 

that iLh(k) can be computed by taking the difference between iL(k) and iLf(k). iLh(k) is used 

by the ANN current controller as its desired or training signal. The training algorithm of 

the ANN current controller will use the error signal ep(k), which is the difference between 

the desired signal iLh(k) and its output signal i’inj(k), to update the weights and biases of 

the controller using the LMBP algorithm to make i’inj(k) converge to the desired signal 

iLh(k). i’inj(k) is used as the reference signal for the PWM VSI to produce iinj(k) for the 

shunt active filter. As a result, the supply current will be of good quality. The operating 

performance of this designed shunt active filter is verified through simulation studies and 

the results are discussed and analyzed in Chapter 6.  

Adaptive ANN
extraction circuit

LMBP
training algorithm

ANN
control circuit

+

-

1

shsL

iL(k) iLf(k)  iLh(k)

iinj(k)

i’inj(k)

voI(k)

i’inj(k)

+
- + -

ep(k)

Triangular
wave

Comparator VSI Low-pass
filter

W(k+1)

Vtri(k)

 

Figure 4.17 :  Overall single-phase model of ANN-controlled shunt active filter. 

 

Although this designed shunt active filter can compensate for unbalanced nonlinear load 

currents, it requires the use of a constant dc source to maintain Vdc and cannot correct the 
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power factor of the supply current. In the next section, we will investigate how the shunt 

active filter is further improved to increase the compensation capabilities. 

 

4.6 Artificial Neural Network with Hysteresis–Controlled Shunt 

Active Filter 

 

In this section, we will examine how the ANN shunt active filter is designed to increase 

its compensating capabilities. First of all, let us study the system configuration of this 

ANN with hysteresis-controlled shunt active filter. 

 

4.6.1  System Configuration 

The equivalent single-phase representation of the ANN with hysteresis-controlled shunt 

active filter is shown in Figure 4.18.  

 

v

is

iL

iinj

Lsh

Rsh

Nonlinear
Load

2
dcV u⋅

 

Figure 4.18 :  Equivalent single-phase representation of ANN with hysteresis-controlled  

shunt active filter. 
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The current source iL is used to model the instantaneous current of the nonlinear load that 

can be represented by 
 

( ) ( )
3 5

L Lf Lf Lh Lh
h , ,...

i I sin t I sin h t
∞

=
= ω −φ + ω −φ∑                                                          (4.27)        

( )
3 5

Lf Lf Lf Lf Lh Lh
h , ,...

Lf ,p Lf ,q Lh

I sin t cos I cos t sin I sin h t

i i i

∞

=
= ω φ − ω φ + ω −φ

= + +

∑
 

 

where ILf is the peak value of the fundamental load current, ILh is the peak value of the 

harmonic load current, φLf and φLh are the phase angle of the fundamental and harmonic 

components of the load current, respectively. Voltage source v represents the 

instantaneous supply voltage at the PCC with is as its instantaneous supply current. The 

injection current of the shunt active filter is denoted by iinj. The first order low-pass filter 

in series with the VSI output is represented by inductor Lsh with resistor Rsh as the inverter 

losses. 
2
dcV  denotes the voltage of each capacitor unit. The switched voltage across the 

VSI output is represented by 
2
dcV u⋅  where u takes a value of either -1 or 1 depending on 

the switching signal of the hysteresis control that will be discussed in Section 4.6.4. 

 

 In (4.27) above, the instantaneous current of the nonlinear load is expanded into 3 terms. 

The first term iLf,p is the load instantaneous fundamental phase current which is always in 

phase with the supply voltage. The second term iLf,q is the load instantaneous fundamental 

quadrature current which is always 90° out of phase with the supply voltage. The third 

term iLh is the load instantaneous harmonic currents. From Figure 4.20, it can be shown 

that 
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s inj L Lf ,p Lf ,q Lhi i i i i i+ = = + +                                                                                         (4.28) 

 

In order to have is that is almost in phase with v and at the same time consists only of the 

fundamental component, from (4.28), 
 

inj Lf ,q Lhi i i= +                                                                                                                (4.29) 

 

Equation (4.29) concurs that the shunt active filter has to keep on injecting the 

instantaneous fundamental quadrature current and instantaneous harmonic currents of the 

nonlinear load to obtain a clean sinusoidal and unity power factor supply current. To 

achieve the above concept, this research proposes the use of an adaptive shunt active filter 

with its single-phase equivalent block diagram as shown in Figure 4.19. 

 

Nonlinear
Load

iinj

iL

Adaptive ANN
extraction circuit

+
-

+-

iL(k)

iLf,p(k)

iLf,q(k)+iLh(k)iinj(k)

VSI

Supply
voltage

v

is

Self-charging
circuit

Hysteresis
control

i*inj(k)

idc(k)
Sw(k)

2
dcV u⋅

Lsh

2
dcV

2

*
dcV

 

Figure 4.19 :  System block diagram of single-phase adaptive shunt active filter. 
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The current transducer samples iL discretely and sends it to the adaptive ANN extraction 

circuit that generates iLf,p(k). [iLf,q(k) + iLh(k)] is subsequently obtained by taking the 

difference between iL(k) and iLf,p(k). 

 

The dc voltage of each capacitor 
2
dcV  is also measured and passed to the self-charging 

circuit to regulate 
2
dcV  to its reference voltage level 

2

*
dcV . The output signal from the self-

charging circuit idc(k) together with iLf,q(k) and iLh(k) will form the reference injection 

current of the adaptive shunt active filter ( )*
inji k . The hysteresis controller will use ( )*

inji k  

to compare with the fedback injection current ( )inji k  to produce the required switching 

pulses Sw(k) to control the VSI such that ( ) ( )*
inj inji k i k= . As a result, the proposed 

adaptive shunt active filter will be able to achieve current harmonic elimination and 

power factor correction while maintaining the dc voltage of each capacitor constant. All 

the modules shown in Figure 4.19 will be discussed in detail in the following sections. 

 

4.6.2 Adaptive ANN Extraction Circuit 

It is obvious from (4.9) and Figure 4.15 in Section 4.5.2 that the dimension of the weight 

matrix TW to be updated depends on the number of harmonic orders N to be estimated. 

Therefore, a relatively long calculation time may be required to complete one iteration of 

the computation. In order to solve this problem, this research proposes a modified W-H 

algorithm as follows: 
 

( ) ( ) ( ) ( )
( ) ( )

1 T

e k X k
W k W k

X k X k
γ

+ = +                                                                                  (4.30)                 
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where [ ]11 21
TW w w= , ( ) ( )

( )
sin k t

X k
cos k t
⎡ ⎤ω∆

= ⎢ ⎥ω∆⎣ ⎦
 and γ is the learning rate. 

 

This modified W-H algorithm only needs to update the two weights of the fundamental 

component, thus making it independent of the number of harmonic orders present. The 

modification is carried out based on the mathematical relationship that the elements in 

( )X k  are orthogonal to each other. With this modification, the speed of the iteration can 

be greatly enhanced, resulting in the estimation being done much faster. However, by 

updating only the two weight elements, it will result in a large e(k). Hence, a learning rate 

γ is added as shown in (4.30). Based on (4.10) and (4.30), it can be estimated that γ should 

have the value between 0 and 1/N. In the simulation studies in Chapter 6, the value of γ 

used is 0.04. Figure 4.20 depicts the topology of the adaptive ANN extraction algorithm 

using the modified W-H algorithm which is less complicated than that in Figure 4.15. 

 

In each iteration, the error signal e(k) is found by subtracting iest(k) from iL(k). This e(k) is 

used in (4.30) to compute the weights for the next iteration ( )1W k + , which minimizes 

e(k). After a few iteration processes, iest(k) will converge and adapt to iL(k). The initial 

weights are of random values in this research. 
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Figure 4.20 :  Modified adaptive ANN extraction circuit topology. 

 

4.6.3  Self-Charging Circuit 

To regulate the dc capacitor voltage at the desired level, additional real power has to be 

drawn by the adaptive shunt active filter from the supply side to charge the two 

capacitors. The energy En stored in each capacitor can be represented as 
 

21
2 2

dc
n

VE C ⎛ ⎞= ⎜ ⎟
⎝ ⎠

                                                                                                           (4.31)                    

where C is the value of each capacitor and 
2
dcV  is the voltage of each capacitor. 

If the value of the dc capacitor voltage changes from dcV  to '
dcV  after the charging 

process, the energy '
nE  for each capacitor will be 

 

2
1
2 2

'
' dc
n

VE C
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

                                                                                                           (4.32) 
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Hence, the difference nE∆  between '
nE  and nE  is represented as 

 

2 21
2 2 2

'
n n n

'
dc dc

E E E

V VC

∆ = −

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥= −⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

                                                                                       (4.33)       

 

On the other hand, the charging energy Eac delivered by the 3-phase supply side to the 

inverter for each capacitor will be  

 

( )
3

3
ac

rms dc,rms

E Pt

V I cos t

=

= φ
                                                                                            (4.34) 

where P is the additional real power required, t is the charging time, Vrms is the rms value 

of the instantaneous supply voltage v, Idc,rms is the rms value of the instantaneous charging 

current idc and φ is the phase difference between the supply voltage and the charging 

current.  However, t can be defined as 
2
T  since the charging process only takes place for 

half a cycle for each capacitor and will be explained in Section 4.6.4, where T is the 

period of the supply frequency. Vrms and Idc,rms can be expressed in terms of their peak 

value V and Idc, respectively. In this research V is 230V. By keeping the supply voltage v 

and the charging current idc in phase using phase locked loop (PLL), the power factor 

cosφ=1. Hence, substituting all the terms above into (4.34) results in   

 

3
22 2

3
4

dc
ac

dc

IV TE

VI T

=

=
                                                                                                          (4.35) 

 

Neglecting the switching losses in the inverter and according to the energy conservation 

law, the following equation holds  
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2 2 31
2 2 2 4

n ac

'
dc dc dc

E E

V V VI TC

∆ =

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥− =⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

                      

                              

2 2

2
2 2

3

'
dc dc

dc

V VC

I
VT

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥−⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦∴ =                                                        (4.36) 

 

To maintain the value of each dc capacitor voltage 
2
dcV  at the reference level 

2

*
dcV , 

2
dcV  is 

measured and fed back to a PI controller as shown in Figure 4.21 to manipulate 
2

'
dcV  so 

that it can be used in (4.36) to compute the required peak value of the charging current Idc 

from the supply side. The PI controller can also help to eliminate the steady-state offset 

between the reference 
2

*
dcV  and the actual voltage 

2
dcV . The PLL synchronizes itself with 

the supply voltage of phase a va and outputs three sine waves which are 120° out of phase 

from each other. These sine waves are multiplied with Idc to obtain the 3-phase idc. In 

order to force the supply side to deliver idc, a term consisting of this idc is added to the 3-

phase injection currents iinj that are now represented by 
 

( )
( )

120

120

inj ,a Lf ,qa Lh,a dc

inj ,b Lf ,qb Lh,b dc

inj ,c Lf ,qc Lh,c dc

i i i I sin t

i i i I sin t

i i i I sin t

= + − ω

= + − ω − °

= + − ω + °

                                                                         (4.37)          

The minus (–) sign of the third term indicates that the charging current idc flows into the 

VSI. Taking the supply voltage as reference,  
 

( )
( )

230
230 120

230 120

a

b

c

v sin t
v sin t

v sin t

= ω

= ω − °

= ω + °

                                                                                                (4.38)                   
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(4.36)
PI Idc

+
-

2
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2

*
dcV
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2

'
dcV

 

Figure 4.21 :  Configuration of 3-phase self-charging circuit with PI controller. 

 

It can be seen that each phase of charging current is in phase with its respective supply 

voltage. The adaptive shunt active filter injects iLf,q and iLh into the line to compensate the 

reactive power of the load and to eliminate the harmonic currents from propagating into 

the supply side, and at the same time receives idc from the supply side to regulate the dc 

capacitor voltage so that the compensation can be operated properly.  

 

As this is a simple PI self-charging circuit, the voltage Vc1 of the upper dc capacitor C1 

will not be exactly equal to the voltage Vc2 of the lower dc capacitor C2. There will be a 

small discrepancy between Vc1 and Vc2. However, the overall Vdc which is the summation 

of Vc1 and Vc2 will be kept at the desired level *
dcV . 

 

Since 
1

1
1 0

1 t

c dcV i dt
C

= ∫  and 
2

2
2 0

1 t

c dcV i dt
C

= ∫ , if a self-charging circuit aims to achieve Vc1 

equal to Vc2, the control technique used must be able to ensure that the charging times for 

C1 and C2 are the same, i.e., t1 = t2. 
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Nevertheless, this is the mathematical representation of iinj and in order to realize this iinj 

at the output of the VSI, a hysteresis controller is used to control the switching of the VSI.   

 

4.6.4  Hysteresis Control and Injection Circuit 

Hysteresis control is used in this research to implement (4.37) at the output of the VSI. 

The mathematical equation derived in (4.37) is used as the reference signal *
inji  for the 

hysteresis control. The injection current iinj at the output of the VSI is measured and fed 

back to the hysteresis control as its second input. The hysteresis control will take the 

difference between *
inji  and iinj as given by 

 

*
inj inj inji i i∆ = −                                                                                                                (4.39)               

Based on the value of ∆iinj, the hysteresis control will switch the IGBTs of the VSI 

according to the relationship stated in (4.40). The configuration of the 3-phase VSI and its 

first order low-pass filter is shown in Figure 4.22. 

( )
1

0
inj

inj
inj

if i b
hys i

if i b

∆ ≥⎧⎪∆ = ⎨ ∆ < −⎪⎩
                                                                               (4.40)       

( )injSw hys i= ∆                                                        (4.41) 

where b is the hysteresis band and Sw is the status of the IGBT, “1” symbolizes “ON” and 

“0” symbolizes “OFF”. The value of u shown in Figure 4.22 will be as 

1 1
1 0

if Sw
u

if Sw
=⎧

= ⎨− =⎩
                                            (4.42) 
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2
dcV u⋅

2
dcV u⋅

2
dcV u⋅

 

Figure 4.22 :  Configuration of 3-phase ANN with hysteresis-controlled shunt active 

filter. 

 

The 6-IGBT configuration with the midpoint of the two capacitors grounded is selected so 

that the three branches operate as if they are three single-phase VSIs [106], [107]. In this 

way, it can be used to compensate for unbalanced nonlinear load currents. The switching 

status of each IGBT in a branch is complementary. Hence, when 1Sw = , 0Sw =  or vice 

versa. This configuration is the same as replacing the 3 earthing points by a neutral 

conductor connecting the 3 points together. 

 

For illustration purpose, only phase a of Figure 4.22 is used. Each IGBT in the inverter is 

switched on and off under two conditions, that is, when the supply voltage is at its 

positive half cycle and negative half cycle. In Figure 4.23, assume 1 2 2
dc

c c
VV V= = , 

C1=C2=C, ∆iinj>b and Swa=1 at this moment of time when the supply voltage is at its 

positive half cycle. The upper IGBT is in full conduction as shown in Figure 4.23(a). The 

bold solid line represents the path of the current flow iLf,q+iLh of the injection circuit. 
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Under the balanced nonlinear load condition, the phasor sum of the 3-phase nonlinear 

load currents will be zero at the load star point, except for the triplen harmonic currents 

which will be summed up and will flow back to the VSI through the current path shown 

by the bold dotted line in Figure 4.23(a). Under the unbalanced nonlinear load condition, 

the phasor sum of the 3-phase nonlinear load currents at the load star point will not be 

zero and will flow back to the VSI through the current path shown by the bold dotted line 

in Figure 4.23(a). Hence, the triplen harmonic currents or the unbalanced nonlinear load 

currents will be locked within this shunt active filter and will not flow to the supply side.  

 

At this moment, the switched voltage across the VSI output is 
2
dcV . However, assume 

now ∆iinj<–b and 0aSw = , meaning 1aSw = . The lower IGBT is switched on, but it will 

not be in full conduction instantaneously and so does the upper IGBT will not be off 

instantaneously. At this intermediate stage, the voltage across the upper IGBT is building 

up and causing the upper diode to be forward biased since Vc1 is lower than 
2
dcV . As 

shown in Figure 4.23(b), while the lower IGBT is trying to achieve full conduction, the 

charging current idc flows in to charge up C1 through the upper diode till the voltage 

across the upper IGBT builds up to reverse bias it. After this intermediate stage, the lower 

IGBT will be in full conduction and the switched voltage across the VSI output will be 

2
dcV

− . 

 

Again, assume now ∆iinj<-b and 0aSw = , meaning 1aSw =  at the moment when the 

supply voltage is at its negative half cycle. The lower IGBT is in full conduction as shown 

in Figure 4.23(c). The path of the current flow iLf,q+iLh of the injection circuit is shown by 
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the bold solid line in Figure 4.23(c). The bold dotted line again represents the flow path 

for the triplen harmonic currents under the balanced nonlinear load condition or the 

phasor sum of the unbalanced nonlinear load currents under the unbalanced nonlinear 

load condition. The switched voltage across the VSI output is 
2
dcV

− . When  ∆iinj>b and 

Swa =1, the upper IGBT is turned on and the lower IGBT off. The voltage across the 

lower IGBT builds up while the upper IGBT is trying to achieve full conduction. As a 

result, the lower diode is forward-biased since Vc2 is lower than 
2
dcV

− . The conduction of 

the diode causes idc to flow and charge up C2 till the voltage across the lower IGBT builds 

up to reverse bias it as shown in Figure 4.25(d). After this intermediate stage, the upper 

IGBT will be in full conduction.  

 

From the switching sequences discussed, it can be seen that the output of the VSI is a 

voltage with higher order harmonics generated by the VSI. Hence, to convert this voltage 

to the equivalent iinj that is desired, a first order low-pass filter is designed. This first order 

low-pass filter is connected at the output of the VSI as shown in Figure 4.22. The design 

of the low-pass filter is based on  

1

2

inj

dc sh

i
V sLu v

=
⎛ ⎞⋅ −⎜ ⎟
⎝ ⎠

                                                                                                      (4.43)      
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Figure 4.23 :  Switching and self-charging sequences of VSI. 
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4.6.5  Overall Model 

The adaptive ANN extraction circuit, self-charging circuit, hysteresis control and 

injection circuit discussed previously are integrated as an overall model of adaptive shunt 

active filter as shown in Figure 4.24. The nonlinear load current is sampled discretely as 

iL(k). This iL(k) is passed to the adaptive ANN extraction circuit to produce iLf,p(k). iLf,q(k) 

and iLh(k) are obtained by taking the difference between iL(k) and iLf,p(k). These iLf,q(k) and 

iLh(k) together with idc(k), which is obtained from the self-charging circuit, will form the 

reference injection current ( )*
inji k  for the hysteresis control. The real-time injection 

current iinj(k) from the VSI is also measured and fed back to the hysteresis control so that 

it can control the turning on and off of the IGBT gates according to (4.40), (4.41) and 

(4.42) so as to bring iinj(k) close to ( )*
inji k . Simulation studies for this adaptive ANN with 

hysteresis-controlled shunt active filter will be discussed and analyzed in Chapter 6.  

 
 

1

shsL
2
dcV u⋅

2
dcV

2

*
dcV

 

Figure 4.24 :  Overall single-phase model of adaptive ANN with hysteresis-controlled 

shunt active filter. 
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In this Chapter, we have discussed how four different shunt active filters are constructed. 

Although these four shunt active filters have similar fundamental operating principle, the 

way they are constructed and their control circuit designs are different. Nevertheless, 

shunt active filters are not able to compensate for voltage harmonics and voltage sags. 

Therefore, in the next chapter, we will investigate how shunt active filters can be 

integrated with series active filters to provide voltage harmonic and voltage sag 

compensation capabilities. 
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CHAPTER 5 

 

UNIFIED POWER QUALITY CONDITIONERS 

 

5.1 Introduction 

 

From the previous chapter, we have understood how shunt active filters can be 

constructed in different ways and how they can be improved to increase their 

compensating capabilities. However, they still cannot compensate for power quality 

problems related to voltage phenomena, such as voltage harmonics and voltage sags.  

 

Therefore, in this chapter, we will integrate shunt and series active filters so that the 

advantages of both shunt and series active filters can be combined to compensate for 

current harmonics, power factor, voltage harmonics and voltage sags under balanced and 

unbalanced conditions with self-charging and adaptative capabilities. This integration of 

shunt and series active filters is called the unified power quality conditioner (UPQC). 

Major research works have been carried out on controller and extraction circuit designs to 

increase the operating performance of UPQC. In the next three main sections, three 

different types of extraction circuit and/or control circuit are designed to operate the 

UPQC effectively. 
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5.2 Digital Signal Processing–Based UPQC 

 

As we have seen from Chapter 4, analogue construction for shunt active filters is quite 

tedious and requires a long design procedure, as such we will not construct the UPQC 

based on analogue design. Instead, we will go straight into the design of DSP-based 

UPQC. Figure 5.1 shows the equivalent single-phase circuit of DSP-based UPQC. The 

nonlinear load is model by two current sources iLh (harmonic current) and iLf (fundamental 

current). Voltage source vinj and current source iinj are used to model the injection voltage 

of the series active filter and the injection current of the shunt active filter, respectively. 

The distorted supply voltage v at the PCC is represented by two voltage sources vh 

(harmonic voltage) and vf (fundamental voltage). 

From Figure 5.1, it can be shown that 

s inj L Lh Lfi i i i i+ = = +                        (5.1)            

To achieve the supply current is to be the fundamental current iLf, from (5.1), 

inj Lhi i=                       (5.2)                    

Equation (5.2) illustrates that in order to obtain a clean sinusoidal supply current is, the 

shunt active filter of the UPQC has to keep on injecting compensating harmonic currents 

to cancel the current harmonics present in the nonlinear load current [93].  
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Figure 5.1 :  Equivalent single-phase circuit of DSP-based UPQC. 

Figure 5.1 also illustrates that   

L inj f hv v v v v+ = = +                        (5.3)            

                                                                    

To achieve the load voltage vL to be the fundamental voltage vf, from (5.3), 

inj hv v=                                            (5.4)            

                                                                       

Equation (5.4) shows that in order to obtain a clean sinusoidal load voltage vL, the series 

active filter of the UPQC has to keep on injecting compensating harmonic voltages to 

cancel the voltage harmonics present in the distorted supply voltage v at the PCC.  

 

Figure 5.2 shows the block diagram of the DSP-based UPQC. Two transducers are used 

to measure the distorted supply voltage v and the nonlinear load current iL. The two 

transducers will send the measured v and iL to the ADC so that v and iL can be digitized 

for use by the DSP. Unlike Section 4.4 of Chapter 4, there are two Biquad band-stop 

filters in this section. Both Biquad band-stop filters have upper band-stop frequency set at 
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55Hz and lower band-stop frequency set at 45 Hz to ensure the fundamental component 

(50Hz) is well within the band-stop region. The stop-band ripple of both filters is set to 

40dB so that the fundamental component is well suppressed and the signal that remains is 

the harmonics.  

 

One of the two Biquad band-stop filters will output the harmonic voltage vh present in v 

and the other will output the harmonic current iLh present in iL. Both vh and iLh will be 

used as the reference signals for the series and shunt PWM controllers respectively. 

Unlike Section 4.4 of Chapter 4, all the four independent PWMs for the PWM block set 

are used for this DSP-based UPQC. As the output of the DSP PWM controller is 

modulated based on data words in the range from 0 to 1, the first input is used for the 

negative half of the extracted vh and the second input is for its positive half as shown in 

Figure 5.2. The negative half of the extracted iLh will be the third input for the PWM 

block set and its positive half will be the fourth input. The two negative gains shown in 

Figure 5.2 are used to invert the negative half of the extracted vh and iLh to ensure that the  

data words to the PWM block are in the range from 0 to 1. 

 

The frequency of the Vtri for the 4-channel PWM controller is set to 15kHz. Unlike 

analogue construction, this DSP-based PWM controller does not require any triangular 

generator circuit and comparator. Vtri is generated internally in the DSP and its frequency 

can be adjusted easily without the need for redesign and reconnection. The pulses from 

the output of the PWM current controller block are converted to analogue signal by the 

DAC integrated in the DSP PWM. 
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Figure 5.2 :  Block diagram of DSP-based UPQC. 

The analogue pulses from the DAC will be sent to a voltage level shifter before passing to 

the IGBT driver card. The configuration of two single-phase IGBT VSIs is shown in 

Figure 5.2 too. Both the VSIs for series and shunt active filters share the same constant 

voltage source Vdc. The low-pass interfacing filter for the series active filter consists of an 

inductor Lse and a capacitor Cse while the low-pass interfacing filter for the shunt active 

filter only consists of an inductor Lsh. The simulation and experimental results for this 

design will be discussed and analyzed in Chapter 6. 

 

This designed DSP-based UPQC is not adaptive and robust. If there is a variation in either 

the nonlinear load parameter or the supply voltage parameter, the designed UPQC may 

not be able to compensate satisfactorily. It may have difficulty in keeping track of the 

new data due to the variations. To take this adaptative capability into consideration, 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

 

NANYANG TECHNOLOGICAL UNIVERSITY 
School of Electrical and Electronic Engineering 

 
 

Chapter  5 
 

Power Quality Improvement Using Unified Power Quality Conditioner 81 
 

artificial neural networks will be used to extract the harmonic components from the 

distorted supply voltage and the nonlinear load current. ANN controller will also be used. 

With the use of the ANN extraction circuit and ANN controller, the UPQC will be able to 

compensate for voltage sags as well. This is another added compensating asset to the 

UPQC. 

 

5.3 Artificial Neural Network–Controlled UPQC 

 

In this section, we will investigate how ANNs are used to extract and control the UPQC. 

With the use of ANNs, the designed UPQC can compensate for harmonic currents, 

harmonic voltages and voltage sags.  

 

5.3.1  Operating Principle of ANN-Controlled UPQC 

The equivalent single-phase representation of the UPQC is shown in Figure 5.3. 

 Figure 5.3 :  Equivalent single-phase circuit of UPQC. 

The distorted supply voltage v is modelled by vf and vh with the nonlinear load model by 

iLh and iLf. The series active filter of the UPQC is modelled by the dc voltage source Vdc.u1 
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with Lse and Cse as the low-pass interfacing filter and Rse as the inverter losses of the 

series active filter. The injection transformer of the series active filter is represented by 

LT. vinj is the injected compensating voltage from the series active filter. As for the shunt 

active filter, it is represented by Vdc.u2 with Lsh as the low-pass interfacing filter and Rsh as 

the inverter losses of the shunt active filter. iinj is the injected compensating current from 

the shunt active filter. Both u1 and u2 take the value of either -1 or 1 depending on the 

switching signal of the PWM control that will be discussed in Section 5.3.4. 

 

From Figure 5.3, assume that the voltage drop across LT is negligible, it can be seen that  

f h L injv v v v+ = +                                                                 (5.5) 

In order to ensure that the harmonic components vh present in v do not appear across vL, 

from (5.5),  

inj hv v=               (5.6) 

This shows that if the series active filter can produce vh and inject it into the the supply 

network, vh will be cancelled and vL will be a clean sinusoidal voltage. If voltage sag 

occurs, the series active filter must be able to inject a compensating harmonic and sagged 

voltage so that both voltage harmonics and voltage sag can be compensated 

simultaneously. Therefore, the capability of UPQC to compensate for the distorted supply 

voltage will be determined by how effective we can achieve (5.6). 

 

The second illustration shown by Figure 5.3 is the shunt active filter of the UPQC. From 

Figure 5.3, it can be seen that 

s inj L Lf Lhi i i i i+ = = +              (5.7) 
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In order to ensure that is is not polluted by the harmonic components iLh of iL, from (5.7), 

inj Lhi i=               (5.8) 

 

Once again, it is very clear that the shunt active filter must inject iLh into the supply 

network to cancel the harmonic currents produced by the nonlinear load. Therefore, the 

objective is to achieve (5.8) as effectively as possible. 

 

In summary, the design and research on UPQC must focus on achieving (5.6) and (5.8) as 

effectively as possible. This section will discuss the ANN application to extract and 

control the UPQC such that it can compensate for harmonic currents, harmonic voltages 

and voltage sags effectively. Figure 5.4 shows the equivalent single-phase block diagram 

for the ANN-controlled UPQC.  

 

From Figure 5.4, we can see that the distorted supply voltage v is measured by a voltage 

transducer and passed to the adaptive ANN extraction circuit to extract the harmonic 

voltages present in v. The nonlinear load current iL is also measured by a current 

transducer and is also passed to the adaptive ANN extraction circuit to extract the 

harmonic currents present in iL. Once vh(k) and iLh(k) are extracted, they are used as the 

reference signals for the ANN control circuit. The two VSIs for the series and shunt 

active filters share the same constant voltage source Vdc and are modulated by non-

sinusoidal PWM. Each module shown in the block diagram will be discussed in detail.  
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Figure 5.4 :  Equivalent single-phase block diagram for ANN-controlled UPQC. 

 

5.3.2  Adaptive ANN Extraction Circuit 

The adaptive ANN extraction circuit for this designed UPQC makes use of the modified 

W-H weights updating algorithm as discussed in Section 4.6.2 of Chapter 4. It takes in v 

and iL as the inputs and tries to estimate vf(k) and iLf(k) speedily and precisely. vh(k) will 

then be calculated by taking the difference between v(k) and vf(k). Similarly, iLh(k) is 

calculated by taking the difference  between iL(k) and iLf(k). As the weights updating 

algorithm used is the modified version of the W-H as discussed in Section 4.6.2 of 

Chapter 4, the dimension of W  to be updated is independent of the number of harmonic 
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orders present in v and iL and the speed of computation and estimation will be greatly 

enhanced. vh(k) and iLh(k) are used as the desired signals for the LMBP ANN control 

circuit to achieve (5.6) and (5.8). 

 

5.3.3  ANN Control Circuit 

The ANN control circuit is trained by the LMBP algorithm as discussed in Section 4.5.3 

of Chapter 4. Based on vh(k) and iLh(k), the ANN controller will generate the required 

reference signals ( )'
injv k  and ( )'

inji k  for the series and shunt active filters respectively. 

( )'
injv k  and ( )'

inji k  are compared with the triangular wave to produce switching signals to 

the gates of the series PWM VSI and shunt PWM VSI respectively. In this way, the series 

and shunt active filters will produce an injected compensating voltage vinj and an injected 

compensating current iinj that converge with ( )'
injv k  and ( )'

inji k  respectively to cancel the 

harmonic components present in the distorted supply voltage and nonlinear load current 

simultaneously. 

 

5.3.4  Injection Circuit and Overall Model 

The injection circuit for the series active filter of the UPQC consists of a PWM VSI and a 

LC low-pass filter. The PWM is a comparator which compares a reference signal with a 

high frequency bipolar triangular carrier signal to produce switch control signals for the 

IGBT bridge of the series VSI. The switched output of the series VSI is a train of pulses 

with magnitude Vdc.u1 where u1 = 1 when v’inj(k)>Vtri(k) and u1 = -1 when v’inj(k)<Vtri(k). 

Vtri is the bipolar triangular wave and v’inj(k) is the reference signal produced by the ANN 

controller for the PWM.  
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The instantaneous output voltage vo [108], [109] of the generalised PWM VSI is governed 

by 

( ) ( ) ( )o o o m o
m

v t V sin t V sin m t
∞

= ω + ω∑           (5.9) 

 
where ωo = 2πfr with fr being the frequency of the reference signal of the PWM VSI and 

m is in the order of 2mf ±1, 2mf ±3, 4mf ±1, 4mf ±3 and so on for an unipolar triangular 

wave. For a bipolar triangular wave, m is in the order of mf, mf ±2, 2mf , 2mf ±2 and so on. 

mf  [108], [109] is defined as 

c
f

r

fm
f

=             (5.10) 

 
with fc = frequency of the triangular carrier which is 22.5kHz in this case.  

Equation (5.9) is more appropriate for PWM VSI using sinusoidal reference signal with 

triangular carrier frequency fc. However, the reference signal in this research is the 

extracted harmonic signal with multiple frequencies. Hence, the equation derived based 

on (5.9) for the PWM VSI with extracted harmonics as the reference signal is 

( ) ( ) ( )3
3 5 7

3o n m
n , , ,... m

v t V sin n t V sin m t
∞ ∞

=
= ω + ω∑ ∑        (5.11) 

 
where ω = 2π*fundamental frequency, n = odd harmonic number in the reference signal 

and 22500
150fm =  since the base of the reference sign is 150Hz (3rd harmonic). 

 
 
Now (5.11) can be used to calculate the output voltage vov of the PWM VSI for the series 

active filter using bipolar triangular wave as the carrier signal. 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

3 5 7 9

444 450 456

3 5 7 9

444 450 456
ovv t V sin t V sin t V sin t V sin t

V sin t V sin t V sin t ...

= ω + ω + ω + ω +

ω + ω + ω +
                               (5.12) 

n in this case will be 3, 5, 7 and 9 because only 3rd, 5th, 7th and 9th order harmonics will 

be simulated in this thesis. As can be seen from (5.12), besides duplicating the reference 
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signal of the PWM, the VSI also generates some other higher order harmonics. Therefore, 

before vov can be injected into the supply network, it has to pass through a second-order 

low-pass interfacing filter consisting of Lse and Cse so that the higher and unwanted order 

harmonics generated by the VSI of the series active filter are filtered and will not be 

passed to the supply network. The configuration of this LC low-pass interfacing filter is 

shown in Figure 5.5. The transfer function of this LC low-pass interfacing filter is  

2
1

1
inj

ov se se

v
v s L C

=
+

           (5.13) 

where vov is the switched voltage across the VSI of the series active filter. 

 

Voltage
source
inverter

Lse

Csevov vinj

 

Figure 5.5 :  Configuration of second order LC low-pass interfacing filter. 

After passing through the low-pass filter, vinj will only consist of the 3rd, 5th, 7th and 9th 

order harmonics to cancel the voltage harmonics present in the supply voltage. 

( ) ( ) ( ) ( )3 3 5 5 7 7 9 93 5 7 9injv V sin t V sin t V sin t V sin t= ω −θ + ω −θ + ω −θ + ω −θ    (5.14) 

 

Although only 3rd, 5th, 7th and 9th order harmonics are simulated here, the injection 

model is generalised enough to compensate for a wide range of harmonics. 
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Similarly for the injection circuit of the shunt active filter of the UPQC, the switched 

output of the shunt VSI is a train of pulses with magnitude Vdc.u2 where u2 = 1 when 

i’inj(k)>Vtri(k) and u2 = -1 when i’inj(k)<Vtri(k). i’inj(k) is the reference signal produced by 

the ANN controller for the PWM. Its PWM VSI output voltage voI can also be found 

using (5.11) with bipolar triangular wave as the carrier signal.  

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

3 5 7 9

444 450 456

3 5 7 9

444 450 456
oIv t V sin t V sin t V sin t V sin t

V sin t V sin t V sin t ...

= ω + ω + ω + ω +

ω + ω + ω +
                               (5.15) 

 

n in this case will be 3, 5, 7 and 9 as 3rd, 5th, 7th and 9th order harmonics will be 

simulated in this research. Again as shown in (5.15), voI consists of some other higher 

order harmonics besides desired harmonic orders. Therefore, before voI can be injected 

into the supply network, it has to pass through a first order low-pass interfacing filter 

consisting of Lsh so that the higher and unwanted order harmonics generated by the VSI of 

the shunt active filter are filtered and will not be passed to the supply network. The 

configuration of this low-pass interfacing filter is shown in Figure 5.6 with a transfer 

function of 

1inj

oI L sh

i
v v sL

=
−

           (5.16) 

where voI is the switched voltage across the VSI of the shunt active filter. 

Voltage
source

inverter

Lsh

voI

iinj

vL

 

Figure 5.6 :  Configuration of first order low-pass interfacing filter. 
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After passing through the low-pass filter, iinj with only the harmonics up to 9th order is 

obtained as  

( ) ( ) ( ) ( )3 3 5 5 7 7 9 93 5 7 9inji I sin t I sin t I sin t I sin t= ω −θ + ω −θ + ω −θ + ω −θ             (5.17) 

 

The adaptive ANN extraction circuit, the ANN controller and the injection circuit 

described in the previous sections are connected together in the overall single-phase 

model as shown in Figure 5.7. In Figure 5.7, the measured v(k) and iL(k) are passed to the 

adaptive ANN extraction circuit to produce vf(k) and iLf(k) respectively. In this way, vh(k) 

can be computed by taking the difference between v(k) and vf(k), and iLh(k) can also be 

computed by taking the difference between iL(k) and iLf(k). Both vh(k) and iLh(k) are used 

by the ANN controller as its desired or training signals. The LMBP training algorithm of 

the neural network will use the error signal ep,v(k), which is the difference between the 

desired signal vh(k) and its output signal v’inj(k), to update the weights and biases of the 

controller to make v’inj(k) converge to vh(k). v’inj(k) is used as the reference signal for the 

series PWM VSI to produce vinj(k) for the series active filter of the UPQC. Similarly, the 

LMBP training algorithm of the neural network will also use the error signal ep,i(k), which 

is the difference between the desired signal iLh(k) and its output signal i’inj(k), to update 

the weights and biases of the controller to make i’inj(k) converge to iLh(k). i’inj(k) is also 

used as the reference signal for the shunt PWM VSI to produce iinj(k) for the shunt active 

filter of the UPQC. Figure 5.8 depicts the 3-phase ANN-controlled UPQC with the 3-

phase supply network. The type of VSIs used here is the three single-phase configuration. 

Both the series and shunt VSIs share the same constant voltage source Vdc. 
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Figure 5.7 :  Overall single-phase model of ANN-controlled UPQC. 

 

The simulation studies for this designed ANN-controlled UPQC will be discussed and 

analyzed in Chapter 6. However, there is a drawback with this ANN-controlled UPQC. It 

can be observed that a constant voltage source Vdc is used as the energy storage for the 

two VSIs. Furthermore, this designed UPQC is unable to compensate the reactive power 

required by the nonlinear load and to regulate the voltage of the dc link capacitor at the 

desired level. 

 

As such, in the following section, we will examine another design of UPQC using an 

hysteresis controller with a slight modification of the ANN extraction circuit to 

incorporate power factor correction and self-charging capabilities in the UPQC. 
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5.4 Artificial Neural Network with Hysteresis-Controlled UPQC 

 

In this section, we will investigate the application of ANNs with hysteresis control to 

correct the power factor of the supply current is and self charge the dc link capacitor of 

the UPQC. Linear quadratic regulator (LQR) technique will be used to coordinate the 

series and shunt active filters of the UPQC so that both active filters can operate together 

congruently without depleting the energy of the dc link capacitor. 

 

5.4.1  Operating Principle of ANN with Hysteresis-Controlled UPQC  

 

The equivalent single-phase representation of the UPQC is shown in Figure 5.9. 

22
dcV u⋅

12
dcV u⋅

 

Figure 5.9 :  Equivalent single-phase representation of the UPQC. 

 

The instantaneous nonlinear load current iL is represented by 

( ) ( )

( )

3 5

3 5

L Lf Lf Lh Lh
h , ,...

Lf Lf Lf Lf Lh Lh
h , ,...

i I sin t I sin h t

I sin t cos I cos t sin I sin h t

∞

=

∞

=

= ω −φ + ω −φ

= ω φ − ω φ + ω −φ

∑

∑
                 

Lf ,p Lf ,q Lhi i i= + +            (5.18) 
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The switched voltage across the shunt VSI output of the UPQC is represented by 22
dcV u⋅  

where u2 takes a value of either -1 or 1 depending on the switching signal of the hysteresis 

controller that will be discussed in Section 5.4.4. 
2
dcV  denotes the voltage of each 

capacitor unit. In (5.18), the instantaneous current of the nonlinear load iL is expanded 

into 3 terms. The first term iLf,p is always in phase with the fundamental supply voltage vf, 

the second term iLf,q is always 90° out of phase with vf, and the third term iLh is the 

instantaneous harmonic currents of the nonlinear load. From Figure 5.9, it can be shown 

that  

s inj L

Lf ,p Lf ,q Lh

i i i

i i i

+ =

= + +
          (5.19) 

 

To assure that is is almost in phase with v and at the same time consists only of the 

fundamental component, from (5.19), 

inj Lf ,q Lhi i i= +             (5.20) 

 

Equation (5.20) indicates that the shunt part of the UPQC has to keep on injecting iLf,q and 

iLh in order to obtain a power factor corrected fundamental is. 

 

From Figure 5.9, it can also be seen that 

f h z inj Lv v v v v v= + = + +           (5.21) 

where vz is the voltage drop across the source impedance. 

 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

 

NANYANG TECHNOLOGICAL UNIVERSITY 
School of Electrical and Electronic Engineering 

 
 

Chapter  5 
 

Power Quality Improvement Using Unified Power Quality Conditioner 94 
 

However, in order to compensate for the distorted supply voltage v such that vL will be a 

clean sinusoidal voltage vf, from (5.21), 

inj h zv v v= −             (5.22) 

 

Equation (5.22) indicates that the series part of the UPQC needs to inject both the 

harmonic voltage vh present in v and the voltage drop across the source impedance so that 

vL will not be distorted. If a voltage sag occurs, the series part of the UPQC must be able 

to inject a compensating harmonic and sagged voltage so that both voltage harmonics and 

voltage sag can be compensated simultaneously. The switched voltage across the series 

VSI output of the UPQC is represented by 12
dcV u⋅  where u1 takes a value of either -1 or 1 

depending on the switching signal of the hysteresis controller that will be discussed in 

Section 5.4.4. 

 

In order to achieve (5.20) and (5.22), a coordinated control is required to operate the 

series and shunt active filters of the UPQC congruently without depleting the energy 

source for the VSIs. In this research, the linear quadratic regulator (LQR) technique is 

used to perform the coordination. Figure 5.10 shows the system block diagram of the 

single-phase ANN with hysteresis-controlled UPQC.  

 

From Figure 5.10, we can see that iL is measured and passed to the adaptive ANN 

extraction circuit to extract the harmonic currents present in iL. v-vz is also measured and 

passed to the adaptive ANN extraction circuit to extract the harmonic voltages present in 

v. The voltage 
2
dcV  of each dc link capacitor is monitored and used by the self-charging 
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circuit to calculate the charging current idc required to maintain it. This idc(k) together with 

iLf,q(k)+iLh(k), and vh(k)-vz(k) will be used as the reference signals for the LQR to produce 

a control vector consisting of uc1 and uc2. The control vector is used by the hysteresis 

control to produce the switching control signals Sw1 and Sw2 for the series and shunt VSIs 

of the UPQC respectively. Each module shown in Figure 5.10 will be discussed in detail. 

Hysteresis control Adaptive ANN
extraction

circuit

-

Self-charging
circuit

2
dcV

2

*
dcV

- +

Nonlinear
Load

iLDistorted
supply
voltage

v

is

Adaptive ANN
extraction

circuit

-+

vinj

iinj

iinj(k)

Lse Lsh

Cse

v(k)-vz(k)

vf(k)

v*
inj(k)=vh(k)-vz(k)

iL(k)

idc(k)

i*
inj(k)=iLf,q(k)+ih(k)-idc(k)

iLf,p(k)

VSI

ShuntSeries

Linear quadratic regulator coordination

iinj(k)

vinj(k)

vinj(k)

LR

uc1

Sw1

uc2

Sw2

vz

 

Figure 5.10 :  System block diagram of single-phase ANN with hysteresis-controlled 

UPQC. 

 

5.4.2  Extraction Circuit and Self-Charging Circuit 

The extraction circuit used in this ANN with hysteresis-controlled UPQC is the improved 

W-H weights updating algorithm as described in Section 4.6.2 of Chapter 4. It takes v(k)-

vz(k) and iL(k) as the inputs and tries to estimate vf(k) and iLf,p(k) speedily and precisely. 

Hence, vh(k)-vz(k) can be computed by subtracting vf(k) from v(k)-vz(k). This vh(k)-vz(k) 

will be used as the reference signal *
injv  for the LQR to control the series VSI. 

Furthermore, the extracted fundamental component vf(k) is memorised in the adaptive 
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ANN extraction algorithm. This is essential when a voltage sag occurs because it needs to 

know the pre-sag voltage waveform so that it can inject an appropriate compensating 

voltage to correct the voltage sag.  

  

To illustrate further how the series part of the UPQC computes the voltage sag, let the 

measured v consist of Vfund sinωt and ( )
3 5

h h
h , ,...

V sin h t
=

ω −Φ∑ . Therefore, in this case, the 

adaptive ANN extraction circuit will receive a signal of 

( ) ( ) ( )
3 5

fund h h z
h , ,...

V sin k t V sin h k t v k
=

⎛ ⎞
⎡ ⎤ω∆ + ω∆ −Φ −⎜ ⎟⎣ ⎦

⎝ ⎠
∑ . This adaptive ANN will 

estimate and output vf(k)=Vfundsin(kω∆t). This implies that ( )*
injv k  will be 

( ) ( )
3 5

h h z
h , ,...

V sin h k t v k
=

⎡ ⎤ω∆ −Φ −⎣ ⎦∑  which consists of the harmonic components of v(k). 

When a voltage sag of 30% occurs, the measured v(k)-vz(k) will drop to 

( ) ( ) ( )
3 5

0 7 fund h h z
h , ,...

. V sin k t V sin h k t v k
=

⎛ ⎞
⎡ ⎤ω∆ + ω∆ −Φ −⎜ ⎟⎣ ⎦

⎝ ⎠
∑ . In this case the extraction 

circuit will output the memorised pre-sag voltage waveform of vf(k), which is equal to 

Vfundsin(kω∆t). As a result, ( )*
injv k  will be 

( ) ( ) ( )
3 5

0 3 0 7fund h h z
h , ,...

. V sin k t . V sin h k t v k
=

⎛ ⎞
⎡ ⎤− ω∆ + ω∆ −Φ −⎜ ⎟⎣ ⎦

⎝ ⎠
∑ . With 

( ) ( ) ( )
3 5

0 3 0 7*
inj fund h h z

h , ,...
v . V sin k t . V sin h k t v k

=

⎛ ⎞
⎡ ⎤= − ω∆ + ω∆ −Φ −⎜ ⎟⎣ ⎦

⎝ ⎠
∑ , vinj(k) will also 

be close to ( ) ( ) ( )
3 5

0 3 0 7fund h h z
h , ,...

. V sin k t . V sin h k t v k
=

⎛ ⎞
⎡ ⎤− ω∆ + ω∆ −Φ −⎜ ⎟⎣ ⎦

⎝ ⎠
∑  and hence, 

the load voltage vL will only be the pre-sag fundamental voltage Vfundsin(ωt) from (5.22).  
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Similarly, iLf,q(k)+iLh(k) is computed by subtracting iLf,p(k) from iL(k). In order to maintain 

the voltage level of dc link capacitor 
2
dcV  to the desired level, a self-charging circuit is 

included to compute the charging current idc(k) required to maintain the desired value of 

2
dcV . idc(k) together with iLf,q(k)+iLh(k) will be used as the reference signal ( )*

inji k  for the 

LQR to control the shunt VSI. The self-charging circuit used in this ANN with hysteresis-

controlled UPQC is the same as that described in Section 4.6.3 of Chapter 4. idc(k) is 

computed based on the energy required to sustain 
2
dcV  at the desired level. A PI controller 

is included in the self-charging circuit to eliminate the steady-state offset between the 

referenced 
2

*
dcV  and the actual voltage 

2
dcV . ( )*

injv k  and ( )*
inji k  are passed to the LQR for 

coordination between the two VSIs. The LQR will compute the required coordination 

matrix before giving its output to the hysteresis controller that will control the switching 

on and off of the IGBTs in the two VSIs. We will discuss on how the LQR coordination is 

carried out before going to the details of the hysteresis controller and its injection circuit. 

 

5.4.3  Linear Quadratic Regulator Coordination 

In the previous designs of the UPQC in this chapter, the energy storage unit used for the 

two VSIs is the constant voltage source. As such, we do not need to worry about the 

energy depletion of the energy storage unit and there is no need to have any coordination 

for the two VSIs of the UPQC. The two VSIs of the UPQC can operate independently. 

However, with the use of split capacitors with midpoint earthing as the energy storage 

unit, the energy available for the two VSIs is limited. Hence, the operation of the two 

VSIs of the UPQC must be coordinated so that they do not deplete the limited energy 
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from the two dc link capacitors. In this research, the LQR technique is used to perform 

the coordination of the two VSIs of the proposed UPQC.  

 

Figure 5.11 depicts the equivalent single-phase representation of ANN with hysteresis-

controlled UPQC with three current loops. To obtain the LQR parameters for the 

coordination, it is required to derive a state-space model for the UPQC model shown in 

Figure 5.11. 

22
dcV u⋅

12
dcV u⋅

 

Figure 5.11 :  ANN with hysteresis-controlled UPQC model with LQR coordination. 

 

With the three current loops and a capacitor voltage, the state vector x  with four state 

variables can then be defined as  

[ ]1 2 3
T

cx i i i v=               (5.23) 

The model shown in Figure 5.11 also consists of four forcing functions, namely the 

distorted supply voltage v, the load voltage vL, and the switching variables u1 and u2. As 

u1 and u2 take the discrete value of either -1 or 1, u1 and u2 are replaced by the continuous-

time variables uc1 and uc2 respectively. Therefore, the control vector u  is defined by 

(5.24). 
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[ ]1 2
T

c cu u u=            (5.24) 

 

With the state vector x , control vector u  and two other forcing functions v and vL, the 

overall state-space equation of the ANN with hysteresis-controlled UPQC model is given 

by 

1 2 3 Lx A x B u B v B v= + + +           (5.25) 

 

In order to derive A , 1B , 2B  and 3B ,  we apply Kirchhoff’s voltage law around the three 

loop currents. From loop current i1, 

1
1

1
1

1 1 1

c L

c L

div R i L v v
dt

di Rv i v v
dt L L L L

= + + +

= − − −
          (5.26) 

 

From loop current i2, 

2
1 2

2
1 2

2
1

2

dc
c se se c

dc se
c c

se se se

V diu R i L v
dt

V Rdi u i v
dt L L L

= + +

= − −
         (5.27) 

From loop current i3, 

3
2 3

3
2 3

2
1

2

dc
c sh sh L

dc sh
c L

sh sh sh

V diu R i L v
dt

di V Ru i v
dt L L L

= + +

= − −
          (5.28) 
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For the capacitor voltage, 

( )

( )

1 2

1 2

1

1

c
se

c

se

v i i dt
C

dv i i
dt C

= +

= +

∫
           (5.29) 

 

Using (5.26), (5.27), (5.28) and (5.29) to form the overall state-space equation, 

1

12

2 1

3 23

10 0
0 0

110 0 0
2 0

0 0 0 00
2

0
1 1 0 00 0

se dc

se se se c

sh cdc

sh shc

c

se se

Rdi
L Ldt

R i Vdi LL L Li udtx R i udi V
Ldt Lv

dv
dt C C

⎡ ⎤⎡ ⎤ − −⎢ ⎥ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎡⎢ ⎥⎢ ⎥ ⎡ ⎤⎢ ⎥ ⎢⎢ ⎥⎢ ⎥ − − ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎡ ⎤⎢ ⎥⎢ ⎥= = + +⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎣ ⎦⎢ ⎥⎢ ⎥ − ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎢ ⎥ ⎢ ⎥ ⎣⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎢ ⎥⎣ ⎦

v

⎤
⎥

⎢ ⎥
+⎢ ⎥

⎢ ⎥
⎢ ⎥
⎢ ⎥⎦

 

 

      

1

0
1

0

L

sh

L

v

L

⎡ ⎤−⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
−⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

                                             (5.30) 

Therefore, comparing the matrix coefficients of (5.30) with (5.25), matrices A , 1B , 2B  

and 3B  are derived as shown in (5.31), (5.32), (5.33) and (5.34) respectively. 

10 0

10 0

0 0 0

1 1 0 0

se

se se

sh

sh

se se

R
L L

R
L L

A R
L

C C

⎡ ⎤− −⎢ ⎥
⎢ ⎥
⎢ ⎥− −⎢ ⎥
⎢ ⎥=
⎢ ⎥−⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎢ ⎥⎣ ⎦

                    (5.31) 
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1

0 0

0
2

0
2

0 0

dc

se

dc

sh

V
L

B
V
L

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥

= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

           (5.32) 

2

1

0
0
0

L
B

⎡ ⎤
⎢ ⎥
⎢ ⎥

= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

            (5.33) 

3

1

0
1

0
sh

L

B

L

⎡ ⎤−⎢ ⎥
⎢ ⎥
⎢ ⎥= ⎢ ⎥
−⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

                       (5.34) 

 

To obtain the switching variables, a state feedback control system is required to be 

formulated. Before the formulation, state variables need to be written in terms of the 

network parameters as follows: 

3inji i=                         (5.35)  

2sei i=              (5.36) 

inj cv v=             (5.37) 

1 2ci i i= +             (5.38) 

where ise is the current flowing through Rse and Lse, and ic is the current flowing through 

Cse. 
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Using (5.35), (5.36), (5.37) and (5.38) to define a transformed state vector z  and relate it 

with the state vector x , we get  

1

2

3

0 0 1 0
0 1 0 0
0 0 0 1
1 1 0 0

inj

se

inj

c

c

i

i
z

v

i

i
i

P x
i
v

⎡ ⎤
⎢ ⎥
⎢ ⎥= ⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

⎡ ⎤⎡ ⎤
⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥= =
⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥
⎢ ⎥⎣ ⎦ ⎣ ⎦

                     (5.39) 

As a result, the transformed state-space equation will be 

1
1 2 3 Lz P A P z P B u P B v P B v−= + + +         (5.40) 

Substituting (5.31), (5.32), (5.33), (5.34) and (5.39) into (5.40), we get 

1

10 0

10 0 1 0 0 0 1 00 0
0 1 0 0 0 1 0 0
0 0 0 1 0 0 0 10 0 0
1 1 0 0 1 1 0 0

1 1 0 0

0 0
0 0 1 0

0
20 1 0 0

0 0 0 1 0
21 1 0 0

injse

se se se

sh inj

sh c

se se

dc

se

dc

R
L L

iR
L L i

z R v
L i

C C

V
L

V

−

⎡ ⎤− −⎢ ⎥
⎢ ⎥

⎡ ⎤⎡ ⎤ ⎡ ⎤⎢ ⎥− − ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥= +⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥− ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎢ ⎥

⎢ ⎥
⎢ ⎥⎢ ⎥⎣ ⎦

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

1

2

10 0 1 0
0 1 0 0 0
0 0 0 1 0
1 1 0 0 0

0 0

1
0 0 1 0

00 1 0 0
10 0 0 1

1 1 0 0
0

c

c

sh

L

sh

L
u

v
u

L

L

v

L

⎡ ⎤
⎡ ⎤⎢ ⎥ ⎡ ⎤ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎡ ⎤ ⎢ ⎥+ +⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦ ⎢ ⎥⎢ ⎥ ⎣ ⎦

⎢ ⎥⎣ ⎦
⎡ ⎤−⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ −⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦
⎢ ⎥⎣ ⎦

                   (5.41)                  
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Based on (5.41), the LQR gain matrix K  is computed by the steady-state solution of the 

Riccati equation  

( )1 11 10

T
e eT

e e

C PB PB C
PAP C C PAP Q

r
− −

⎡ ⎤⎣ ⎦
⎡ ⎤= + − +⎣ ⎦                                                (5.42) 

1
T

ePB C
K

r
⎡ ⎤⎣ ⎦=            (5.43) 

( )2

0

TJ z Qz ru dt
∞

= +∫                                                                                                   (5.44) 

where r>0 is a scalar constant to ensure that K z  is bounded appropriately, eC  is the 

matrix solution to the Riccati Equation shown in (5.42), Q  is a symmetric matrix 

obtained from the linear quadratic cost function J  shown in (5.44). 

 

Finally, the control vector is given by      

( )

1

2

ref

*
inj inj

*
c se se

*
c inj inj

*
c c

u K z z

i i

u i i
K

u v v

i i

= − −

⎡ ⎤−
⎢ ⎥
⎢ ⎥−⎡ ⎤

= − ⎢ ⎥⎢ ⎥
−⎣ ⎦ ⎢ ⎥

⎢ ⎥
−⎢ ⎥⎣ ⎦

          (5.45) 

From (5.45), it can be seen that the LQR will compute the respective errors between the 

four state feedback signals ( inji , sei , injv  and ci ) and the four reference signals ( *
inji , *

sei , 

*
injv  and *

ci ). Besides inji , *
inji , injv  and *

injv  which are inputted to the LQR, the LQR 

computes the reference current 
*
inj*

c se
dv

i C
dt

=  and the actual current inj
c se

dv
i C

dt
=  that 

flows through Cse. In practice, ci  is the current outputted by the series VSI. This means 

that ci  is equal to sei . As such, a reduced order state feedback ( inji , injv  and ci ) is used 
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instead of the full order state feedback ( inji , sei , injv  and ci ) of (5.45). It is shown in [21] 

that the system is still stable with the use of reduced order state feedback.  

 

As the LQR also modulates the current outputted by the series VSI so that the series VSI 

will produce the required injv  across Cse. The hysteresis control method that is used for 

the shunt active filter can also be used for the series active filter in this case. Therefore, 

the values of uc1 and uc2 are computed using (5.45) and passed to the hysteresis controller 

to determine the values of u1 and u2 which will be discussed in the next section.  

 

5.4.4  Hysteresis Control Circuit and Injection Circuit 

Figure 5.12 shows the configuration of the 3-phase ANN with hysteresis-controlled 

UPQC with its low-pass interfacing filters in a 3-phase supply network. The hysteresis 

controller is used here to control the switching of the VSIs to ensure that *
inj injv v=  and 

*
inj inji i= . When uc1 and uc2 are passed to the hysteresis controller, it switches the series 

VSI based on (5.46) and (5.47), and switches the shunt VSI based on (5.48) and (5.49) 

[21]. 

( )1 1

1

1

1
0

c

c

c

Sw hys u

if u b
if u b

=

≥⎧
= ⎨ < −⎩

          (5.46) 

1
1

1

1 1
1 0

if Sw
u

if Sw
=⎧

= ⎨− =⎩
          (5.47) 

( )2 2

2

2

1
0

c

c

c

Sw hys u

if u b
if u b

=

≥⎧
= ⎨ < −⎩

          (5.48) 
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2
2

2

1 1
1 0

if Sw
u

if Sw
=⎧

= ⎨− =⎩
          (5.49) 

where b is the hysteresis band. 

 

The 12-IGBT configuration with midpoint of the two capacitors grounded is selected for 

the series and shunt VSIs of the UPQC so that the six branches can operate as if they are 

six single-phase VSIs. In this way, it can be used to compensate for unbalanced distorted 

supply voltages and unbalanced nonlinear load currents. The switching status of IGBT in 

the same branch is complementary of one another to prevent short-circuit of the branch. 
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For illustration purpose, only phase a of Figure 5.12 is used. Each IGBT in each VSI is 

switched on and off under two conditions, that is, when the supply voltage is at its 

positive half cycle and negative half cycle. In Figure 5.13, it is assumed that 

1 2 2
dc

c c
VV V= = , C1=C2=C, uc1>b and Sw1,a=1, uc2>b and Sw2,a=1 at this moment of time 

when va is at its positive half cycle. Therefore, the upper IGBT of the series VSI and the 

shunt VSI will conduct as shown in Figure 5.13(a). The bolded solid line represents the 

path of the current flow of the two VSIs. From Figure 5.13(a), it can be seen that the 

shunt VSI is injecting iLf,q and iLh into the supply network and the series VSI is injecting a 

positive vinj.  

 

Under balanced nonlinear load and balanced distorted supply voltage conditions, the 

phasor sum of the 3-phase nonlinear load currents at the load star point will be zero. 

However, if the triplen harmonic currents are present, they will be summed up and will 

flow back to the shunt VSI of the UPQC through the current path shown by the bold 

dotted line in Figure 5.13(a). The return current path for the series VSI is also shown by 

the bold dotted line in Figure 5.13(a). Under unbalanced nonlinear load and unbalanced 

distorted supply voltage conditions, the phasor sum of the 3-phase nonlinear load currents 

at the load star point will not be zero and will flow back to the shunt VSI through the 

current path shown by the bold dotted line in Figure 5.13(a). Hence, the triplen harmonic 

currents or the unbalanced nonlinear load currents will be locked within this shunt active 

filter of the UPQC and will not flow to the supply side. With the upper IGBT of the series 

VSI turned “ON”, the current of the series VSI will flow in a way as shown in Figure 

5.13(a) to inject a positive vinj.   
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At this moment, the switched voltages across both VSI outputs are 
2
dcV . However, 

assume now uc1<–b and 1 0,aSw = , meaning 1 1,aSw = , uc2<–b and 2 0,aSw = , meaning 

2 1,aSw = . The lower IGBTs of both VSIs are switched on, but they will not be in full 

conduction instantaneously and the upper IGBTs will also not be off instantaneously. At 

this intermediate stage, the voltages across the upper IGBTs are building up and causing 

the upper diodes to be forwarded biased since 1cV  is lower than 
2
dcV . As shown in Figure 

5.13(b), while the lower IGBT of the shunt VSI is trying to achieve full conduction, the 

charging current idc flows in to charge up C1 through the upper diode of the shunt VSI till 

the voltage across the upper IGBT of the shunt VSI builds up to reverse bias it. After this 

intermediate stage, the lower IGBT of the shunt VSI will be in full conduction and the 

switched voltage across the VSI output will be 
2
dcV

− . Similarly, the voltage across the 

upper IGBT of the series VSI is building up and causing its upper diode to be forwarded 

biased since 1cV  is also lower than 
2
dcV  at the series VSI output. At this instant, Cse will 

discharges through the upper diode of the series VSI and maintains a positive vinj as 

shown in Figure 5.13(b). After this intermediate stage, the lower IGBT of the series VSI 

will be in full conduction and the switched voltage across its VSI output will be 
2
dcV

− . 

 

Again, assume now uc1<–b and 1 0,aSw = , meaning 1 1,aSw = , uc2<–b and 2 0,aSw = , 

meaning 2 1,aSw =  at the moment when the supply voltage is at its negative half cycle. 

The lower IGBTs of both VSIs are in full conduction as shown in Figure 5.13(c). The 

bolded solid line in Figure 5.13(c) illustrates very clearly the path of current flow iLf,q+iLh 
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of the shunt VSI and the current flow of the series VSI such that the series VSI is 

injecting a negative vinj. The bold dotted line again represents the flow path for the triplen 

harmonic currents returning to the shunt VSI under the balanced nonlinear load condition 

or the phasor sum of the unbalanced nonlinear load currents returning to the shunt VSI 

under the unbalanced nonlinear load condition. The flow path for the current of the series 

VSI is also shown in bold dotted line. The switched voltages across both VSI outputs are 

2
dcV

− .  

 

When  uc1>b and Sw1,a=1, uc2>b and Sw2,a=1, the upper IGBTs of both VSIs are turned on 

and the lower IGBTs off. The voltages across the lower IGBTs of both VSIs build up 

while the upper IGBTs are trying to achieve full conduction. As a result, the lower diodes 

of both VSIs are forward-biased since Vc2 is lower than 
2
dcV

− . The conduction of the 

diode for the shunt VSI causes idc to flow and charge up C2 till the voltage across the 

lower IGBT of the shunt VSI builds up to reverse bias it as shown in Figure 5.13(d). 

Similarly, the conduction of the lower diode for the series VSI allows Cse to discharge 

through it and maintain a negative vinj as shown in Figure 5.13(d). After this intermediate 

stage, the upper IGBTs of both VSIs will be in full conduction and the switched voltages 

across both VSI outputs will be 
2
dcV . 
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Figure 5.13 :  Switching and self-charging sequences of VSIs of UPQC. 
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In the above illustrations, we have assumed that both the series and shunt VSIs of the 

UPQC have the same switching sequences at a moment. However, this is only an 

assumption to simplify the illustration of self-charging through the shunt part of the 

UPQC and to show how both VSIs of the UPQC operate. In practice, it is not necessary 

that both VSIs will have the same switching sequences though it may coincidentally 

happen to be that case. This is because the switching of the two VSIs is purely dependent 

on the control of the hysteresis controller and the LQR coordination, and both the 

hysteresis controller and the LQR coordination are in turn dependent on *
injv  and *

inji  

which are usually different from each other. Therefore, the possibility of both VSIs 

having the same switching sequences is extremely low. 

 

Likewise, the VSIs of this ANN with hysteresis-controlled UPQC will generate other 

higher and unwanted order harmonics besides the harmonics present in v and iL. 

Therefore, a low-pass interfacing filter is required for each of the VSI to filter away the 

unwanted harmonic components before injecting vinj and iinj into the supply network. The 

low-pass interfacing filters for the UPQC have the same configurations depicted in 

Figures 5.5 and 5.6 of Section 5.3.4 and the same transfer functions described in (5.13) 

and (5.16) of Section 5.3.4.  

 

5.4.5  Overall Model 

The adaptive ANN extraction circuit, self-charging circuit, LQR coordination algorithm, 

hysteresis controller and injection circuit described in the previous sections of this chapter 

are connected together in the overall model as shown in Figure 5.14. In Figure 5.14, the 

measured v(k)-vz(k) and iL(k) are passed to the adaptive ANN extraction circuit to produce 

vf(k) and iLf,p(k) respectively. In this way, vh(k)-vz(k) or vh(k)-vz(k)+vsag(k) if a voltage sag 
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occurs, will be computed by subtracting vf(k) from v(k)-vz(k). iLf,q(k)+ih(k) is computed by 

subtracting iLf,p(k) from iL(k). iLf,q(k)+ih(k) together with idc(k) are used as the reference 

signal *
inji  for the LQR to coordinate the shunt part of the UPQC. idc(k) is derived by the 

self-charging circuit through the monitoring of dc link capacitor voltage. The reference 

signal *
injv  for the LQR to coordinate the series part of the UPQC is vh(k)-vz(k) or vh(k)-

vz(k)+vsag(k) if a voltage sag occurs. The outputs of the LQR coordination are passed to 

the hysteresis controller to control the switching of the series and shunt VSIs. Low-pass 

(LP) interfacing filters are used for the series and shunt parts of the UPQC to filter away 

unwanted higher order harmonics generated by both VSIs. vinj and iinj are measured and 

fed back to the LQR and hysteresis controller to ensure the UPQC is properly controlled 

such that vinj and iinj converge to their respective references *
injv  and *

inji . 

 

With this designed ANN with hysteresis-controlled UPQC, the UPQC is able to 

compensate for harmonic currents, harmonic voltages, and voltage sags with self-

charging, adaptative and power factor correction capabilities under both balanced and 

unbalanced nonlinear load and supply voltage conditions. Simulation studies of this ANN 

with hysteresis-controlled UPQC are carried out and discussed in Chapter 6 to verify its 

performance characteristics.  
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CHAPTER 6 

 

EXPERIMENTAL AND SIMULATION RESULTS 

 

6.1 Introduction 

 

In the previous two chapters, we have discussed the different designs of controller and 

extraction circuit for the shunt active filters and UPQCs. In this chapter, we will verify the 

operating performances of the designed shunt active filters and UPQCs through 

experimental and simulation studies. The parameters used for the simulation studies in 

this chapter can be found in the Appendix. 

 

6.2 Shunt Active Filters 

 

We will first examine the experimental and/or simulation results for shunt active filters, 

namely the analogue shunt active filter, DSP-based shunt active filter, ANN-controlled 

shunt active filter and ANN with hysteresis-controlled shunt active filter.  

 

6.2.1  Simulation Results of Analogue Shunt Active Filter 

Before the analogue shunt active filter is implemented, the design is simulated using the 

PSPICE simulation software. Figure 6.1 shows the waveforms of the supply voltage and 

nonlinear load current. For the simulation of the designed analogue shunt active filter, the 

supply voltage is undistorted, but the nonlinear load current is distorted. Without any 

compensation, this distorted nonlinear load current will appear as the supply current. With 
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the installation of the analogue shunt active filter designed in Section 4.3 of Chapter 4, the 

resultant compensated supply current is shown in Figure 6.2.  

 
Figure 6.1 :  Waveforms of supply voltage and nonlinear load current. 

 

 
Figure 6.2 :  Waveforms of supply voltage and compensated supply current. 

Although there are glitches in the waveform of the compensated supply current, the 

supply current still looks more sinusoidal compared to the nonlinear load current without 

the analogue shunt active filter compensation. The glitches are due to the delay from the 

time the signals of the actual load current are sensed till the moment when the 
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compensating current is injected. This causes a phase difference between the 

compensating current and the actual load current. As a result, the supply current at some 

time instant is not well compensated and glitches appear at the waveform. Figure 6.3 

shows the waveforms of the nonlinear load current iL, compensating injected current iinj 

and compensated supply current is. The waveforms of is and iL are broken down into their 

individual harmonic spectrum as shown in Figure 6.4.  

 
 

Figure 6.3 :  Waveforms of nonlinear load current, compensating injected current and 
compensated supply current. 

 

 
 

Figure 6.4 :  Harmonic spectrum of compensated supply current and nonlinear load 
current. 
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It is clear from the harmonic spectrum of is and iL shown in Figure 6.4 that the harmonic 

content present in is has reduced greatly compared to that present in iL. After the 

simulation, the exact analogue shunt active filter is developed into hardware. 

 

6.2.2 Experimental Results of Analogue Shunt Active Filter 

The experimental study of the analogue shunt active filter described in Section 4.3 of 

Chapter 4 is obtained and presented in this section. Figure 6.5 presents the waveforms of 

the supply voltage v (top) and nonlinear load current iL (bottom). Basically, the nonlinear 

load used in this experimental study is a thyristor-controlled adjustable dimmer lamp. 

With the installation of the designed analogue shunt active filter, the waveform of the 

compensated supply current is is shown in Figure 6.6 with the waveform of v on the top.  

 

 
 

Figure 6.5 :  Waveforms of supply voltage (10V/div) and nonlinear load current (1A/div). 
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Figure 6.6 :  Waveforms of supply voltage (10V/div) and compensated supply current 

(1A/div). 

Comparing Figure 6.6 with Figure 6.5, it is observed that is is more sinusoidal though 

there are still glitches in the waveform. The waveforms of iL, iinj and is are presented in 

Figure 6.7 in descending order. From Figure 6.2 and 6.6, it is revealed that is is not in 

phase with v. This shows that the designed shunt active filter can only compensate for 

harmonic currents, with no compensation for reactive current. 

 

The corresponding Fast Fourier Transform (FFT) of iL and is are calculated to provide the 

information of their total harmonic distortion (THD) index. The value of THD quantifies 

the amount of the voltage or current waveform distorted. It takes a value from 0% to 

100% with the highest value indicating the worst distortion. The THDs of iL and is are 

shown in Figure 6.8(a) and 6.8(b) respectively. It can be seen from Figure 6.8(a) that iL 

has a THD of 66.7% with higher 3rd and 5th order harmonics present. However, with the 

designed analogue shunt active filter installed, the THD of is is greatly reduced to 10.1% 

with 3rd and 5th order harmonics greatly reduced too, as shown in Figure 6.8(b). 
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Nevertheless, it still requires further improvement as a THD of 10.1% is not within the 

requirement set by IEEE 519-1992 Standard. 

 
 

Figure 6.7 :  Waveforms of nonlinear load current, compensating injected current and 
compensated supply current (1A/div). 

 

                 
 

(a) (b) 
 

Figure 6.8 :  FFTs of (a) nonlinear load current and (b) compensated supply current. 
 

6.2.3 Experimental Results of DSP-Based Shunt Active Filter  

The tedious design procedures for the construction of the analogue shunt active filter 

make it very inflexible for any change in design. Whenever a change in design or 

operating parameter is required, the whole circuit concerned must be redesigned. 
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Therefore, the DSP is used in this section. The construction of a DSP-based shunt active 

filter is much simpler compared to that of the analogue shunt active filter. The extraction 

and control circuits are built using Matlab software and thereafter, they can be converted 

to dSPACE Control Desk DSP software. Any changes required in the operating 

parameters can be done easily with simple changes in the software. 

 

Figure 6.9(a) and (b) show the waveforms of the nonlinear load iL and compensated 

supply current is respectively. The nonlinear load used in this experimental study is the 

same thyristor-controlled adjustable dimmer lamp used in Section 6.2.2. The waveform of 

is in Figure 6.9(b) still has some glitches on it, but these glitches are not as severe as that 

in the previous section. This is because the processing and transmitting delay of signals 

are shortened with the use of high-speed DSP processor and computation. The waveform 

of is in Figure 6.9(b) is more sinusoidal than that of iL in Figure 6.9(a). The corresponding 

FFTs of iL and is are depicted in Figure 6.10(a) and 6.10(b) respectively. Figure 6.10(a) 

shows that iL has a THD of 26.5% with higher 3rd order harmonic. The designed DSP-

based shunt active filter is able to compensate and reduce the harmonic components in is. 

As shown in Figure 6.10(b), the THD of is is reduced to 9.1%. It can also be seen that the 

harmonic spectrum is reduced by the DSP-based shunt active filter. 

 

Nevertheless, the THD of is still does not satisfy the requirement set by IEEE 519-1992 

Standard. IEEE 519-1992 Standard requires the THD of is to be 5% or below. 

Furthermore, is is not in phase with v as this DSP-based shunt active filter can only 

compensate for harmonic currents. In the next section, we will discuss how an artificial 

intelligence can be applied to the shunt active filter to improve its compensating 

capability. 
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(a) (b) 
 

Figure 6.9 :  Waveforms of (a) nonlinear load current and (b) compensated supply current 
(1A/div). 

 

                 
 

(a) (b) 
 

Figure 6.10 :  FFTs of (a) nonlinear load current and (b) compensated supply current. 
 

6.2.4 Simulation Results of ANN-Controlled Shunt Active Filter  

An artificial intelligence, in this case artificial neural network (ANN), is applied to the 

shunt active filter. The simulation results of the designed ANN-controlled shunt active 

filter described in Section 4.5 of Chapter 4 are discussed and presented in this section. To 

evaluate the operating performance of the designed ANN-controlled shunt active filter, a 

3-phase electrical system model with a 3-phase shunt active filter is built using Matlab. 
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As shown in Figure 6.11, the system model consists of a 3-phase fundamental supply 

voltage at the PCC, a 3-phase ANN-controlled shunt active filter and a 3-phase nonlinear 

load. The simulation runs from t = 0s to t = 0.2s. The 3-phase nonlinear load is model by 

( ) ( ) ( )
( ) ( )
( ) ( ) ( )
( ) ( )
( )

40 30 30 3 60 20 5 70

10 7 80 5 9 110

40 120 30 30 3 120 60 20 5 120 70

10 7 120 80 5 9 120 110

40 120 30

a

b

c

i sin t sin t sin t

sin t sin t

i sin t sin t sin t

sin t sin t

i sin t

= ω − ° + ω − ° + ω − ° +

ω − ° + ω − °

⎡ ⎤ ⎡ ⎤ ⎡ ⎤= ω − ° − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦
⎡ ⎤= ω + ° − °⎣ ⎦ ( ) ( )
( ) ( )

30 3 120 60 20 5 120 70

10 7 120 80 5 9 120 110

sin t sin t

sin t sin t

⎡ ⎤ ⎡ ⎤+ ω + ° − ° + ω + ° − ° +⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω + ° − ° + ω + ° − °⎣ ⎦ ⎣ ⎦

 

for 0 ≤  t  < 0.06s, 

( ) ( ) ( )
( ) ( )
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⎡ ⎤ ⎡ ⎤ ⎡ ⎤= ω − ° − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦
⎡ ⎤= ω + ° − ° +⎣ ⎦ ( ) ( )
( ) ( )
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for 0.06 ≤  t  < 0.14s, and 
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for 0.14 ≤  t  ≤ 0.2s. 
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Figure 6.11 :  Matlab model of 3-phase electrical system with 3-phase ANN-controlled 

shunt active filter. 

 

Three variations in the nonlinear load current are simulated here with the aim to test the 

adaptation of the proposed ANN-controlled shunt active filter. Figure 6.12 shows the 

waveforms of nonlinear load current iL, injected compensating current iinj and supply 

current is for each phase. The simulation results in Figure 6.12 and all the subsequent 

figures of current waveforms are based on the assumption that the weights for the 

adaptive ANN extraction circuit start with random values. Therefore, it takes 

approximately half a cycle to initialize the weights properly. In practice, this phenomenon 

will not be observed because initial weights can be estimated from real data and the 

adaptive shunt active filter will operate in steady state most of the time.  
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From Figure 6.12, it can be seen that there are variations in the nonlinear load current at   

t = 0.06s and t = 0.14s. The THD of the nonlinear load current is 94.37% for                  

0 ≤  t  < 0.06s and 57.01% for 0.06 ≤  t  < 0.14s. At t = 0.14s, the nonlinear load current 

becomes unbalanced and it THD for phase a is 38.01%, phase b is 68.41% and phase c is 

66.02% for 0.14 ≤  t  ≤ 0.2s. When the designed ANN-controlled shunt active filter is 

used, the current harmonics in the nonlinear load current are compensated and are not 

reflected in is as shown in Figure 6.12. It is clearly seen that the waveform of is is more 

sinusoidal and its THD drops drastically to an overall value of 4.03%. The proposed shunt 

active filter can adapt itself to the changes in the nonlinear load current at t = 0.06s and     

t = 0.14s smoothly without much difficulty as can be seen in Figure 6.12 and the supply 

current is balanced though the nonlinear load current is unbalanced for 0.14 ≤  t  ≤ 0.2s. 

 

Though the designed ANN-controlled shunt active filter can compensate the harmonic 

currents very well, it still requires a constant voltage source for its VSI and is unable to 

correct the power factor of the supply current. In the next section, we will conduct the 

simulation studies of the ANN with hysteresis-controlled shunt active filter which can 

correct the power factor of the supply current. 
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(a) 

 
(b) 

 
(c) 

Figure 6.12 :  Current waveforms for (a) phase a, (b) phase b and (c) phase c of ANN-

controlled shunt active filter compensation. 
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6.2.5 Simulation Results of ANN with Hysteresis-Controlled Shunt Active 

Filter 

The advantages of the proposed adaptive shunt active filter over the existing one are that 

it can compensate for variations in harmonic currents and unbalances in nonlinear load 

currents, and that it can perform self-charging, together with power factor correction. In 

this section, computer simulations are carried out to verify the operating performance of 

the adaptive ANN with hysteresis-controlled shunt active filter.  

 

A 3-phase distribution system model is built using Matlab. It consists of a 3-phase 

sinusoidal supply voltage at the PCC, a 3-phase adaptive shunt active filter and a 3-phase 

nonlinear load as shown in Figure 4.24. In these simulation studies, the supply voltage at 

the PCC is assumed sinusoidal. This is because it is clear that if all the nonlinear loads 

connected at the PCC are installed with shunt active filters, there will be no harmonic 

currents injecting into the network to cause harmonic voltage drops across the source 

impedance and the supply voltage at the PCC will not be distorted.  

 

Three different system operating conditions, namely high to low nonlinear load current 

condition, low to high nonlinear load current condition and unbalanced nonlinear load 

current condition, are simulated in the following sections. In order to simulate a situation 

which best represents a practical scenario, a 20kVA 3-phase 6-pulse converter with PI 

current regulator is used as the nonlinear load for the high to low simulation test case. For 

the low to high simulation test case, a 15kVA 3-phase PWM adjustable speed drive 

(ASD) is used as the nonlinear load. A single-phase ASD, a nonlinear load model and a 

single-phase converter are used as nonlinear loads for the unbalanced simulation test case. 

In all the simulation studies, the sampling rate is high enough to avoid the problem of 
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aliasing.  

6.2.5.1  Test Case 1: High to Low Nonlinear Load Current 

For the high to low nonlinear load current condition, the nonlinear load used is a 20kVA 

3-phase 6-pulse converter with its configuration as shown in Figure 6.13. 

PI current regulator
Iref

Idc

From
3-phase
supply

Swa Swb Swc

DC
Motor

M

Idc

Swa Swb Swc

Swb SwcSwa

 

Figure 6.13 :  Configuration of 20kVA 3-phase 6-pulse converter with PI current 

regulator. 

Figure 6.14 shows the waveforms of the converter’s nonlinear current iL, injected 

compensating current iinj and supply current is for each phase. iL has a THD value of 

21.67% for 0 ≤  t  < 0.1s and of 27.39% for 0.1 ≤  t  ≤ 0.2s. However, is only has an 

overall THD of around 2.14% when the proposed adaptive ANN with hysteresis-

controlled shunt active filter is used. iinj consists of the injected quadrature current iLf,q to 

correct the power factor of is near to unity, injected harmonic currents iLh to cancel current 

harmonics in iL and charging current idc to regulate Vdc at the desired level. Similarly, the 

simulation results in Figure 6.14 and all the subsequent figures of current waveforms are 

based on the assumption that the weights for the adaptive ANN extraction circuit start 

with random values. Therefore, it takes approximately half a cycle to initialize the 
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weights properly. In practice, this phenomenon will not be observed because initial 

weights can be estimated from real data and the adaptive shunt active filter will operate in 

steady state most of the time.  

 

Figure 6.15(a) shows the fundamental real power of 14.26kW for 0 ≤  t  < 0.1s and 

6.24kW for 0.1 ≤  t  ≤ 0.2s, and the fundamental reactive power of 12.70kVAr for            

0 ≤  t  < 0.1s and 8.87kVAr for 0.1 ≤  t  ≤ 0.2s consumed by the nonlinear load for each 

phase. The unstable power measurement shown in Figure 6.15 during 0 ≤  t  < 0.03s and 

0.1 ≤  t  ≤ 0.13s is because the adaptive ANN extraction algorithm needs a period of half a 

cycle for the weights to converge since the initial weights are set randomly. In addition to 

that, the measuring instrument in Matlab requires another period of a cycle to compute the 

power [110] whenever there is a change in the nonlinear load current.  

 

With the installation of the proposed adaptive shunt active filter, the supply side needs 

only to deliver the real power as shown in Figure 6.15(b). The reactive power delivered 

from the supply side is almost zero, resulting in a unity power factor at the supply side. 

Figure 6.16 is used to show that the supply voltage and current are in phase with each  

other after the adaptive shunt active filter compensation. The response of the dc link 

capacitor voltage Vdc is shown in Figure 6.17. Initially, it takes about 0.07s to reach and 

stabilize at the desired value of 650V. When there is a variation in the nonlinear load 

current at t = 0.1s, it takes another 0.07s to stabilize at 650V. This settling time is better 

than that of [21]. The value of the reference dc capacitor voltage *
dcV  is determined by 

2

*
dcV V> . This is to eliminate the ripples that might appear in iinj [108] and also to provide 

the hysteresis control with a good error tracking performance [21].  
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(a) 

 
(b) 

 
(c) 

 
Figure 6.14 :  Current waveforms for (a) phase a, (b) phase b and (c) phase c under the 

high to low nonlinear load current condition. 
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(a) 
 

 
 

(b) 
 

Figure 6.15 :  Waveforms of powers (a) consumed by the nonlinear load and (b)  
 

delivered by the supply side for phase a. 
 
 

The error tracking performance of the hysteresis control is shown in Figure 6.18. It can 

be seen that the error is close to zero, indicating that the hysteresis control is able to 

control the VSI such that iinj is very close to *
inji . 
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Figure 6.16 :  Waveforms of supply voltage and current for phase a. 
 

 
 

Figure 6.17 :  Response of dc link capacitor voltage. 
 

 
 

Figure 6.18 :  Error tracking performance of hysteresis control for phase a. 
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6.2.5.2  Test Case 2: Low to High Nonlinear Load Current 

For the low to high nonlinear load current condition, the nonlinear load used is a 15kVA 

3-phase ASD with its configuration as shown in Figure 6.19. 

 

 

Figure 6.19 :  Configuration of 15kVA 3-phase ASD. 

As shown in Figure 6.20, the THD of the ASD nonlinear current before the compensation 

is 90.26% for 0 ≤  t  < 0.1s and 37.28% for 0.1 ≤  t  ≤ 0.2s. However, the THD drops to an 

overall value of around 2.00% after the compensation. It can be clearly seen that after the 

initialization period, the waveforms of the supply current for the three phases are nearly 

sinusoidal. When there is a variation in the ASD nonlinear current at t = 0.1s, the 

proposed adaptive ANN with hysteresis-controlled shunt active filter only needs a period 

of a cycle to adapt itself to the change as shown in Figure 6.20 for 0.1 ≤  t  < 0.12s. This 

fast adaptive speed is achievable because of the use of the modified W-H training 

algorithm for the ANN extraction circuit. This modified algorithm only needs to update 

two weights instead of N number of weights as discussed in Section 4.6.2 of Chapter 4, 

thus increasing the convergence speed of computation.  
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(a) 

 
(b) 

 
(c) 

Figure 6.20 :  Current waveforms for (a) phase a, (b) phase b and (c) phase c under the 

low to high nonlinear load current condition. 
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Similar to the previous case, it is observed that the supply side does not deliver any 

reactive power to the load. As a result, the power factor at the supply side is near to unity 

too. The self-charging circuit is also able to regulate Vdc at 650V.  

 

From the two conditions discussed so far, it has been shown that the proposed adaptive 

shunt active filter can adapt itself to compensate for variations in nonlinear load currents 

or nonlinear load types. Nevertheless, the two conditions simulated are balanced 

nonlinear load currents.  

 

To test the ability of this adaptive shunt active filter on compensating unbalanced 

nonlinear load currents, the unbalanced load condition is simulated below. 

 

6.2.5.3  Test Case 3: Unbalanced Nonlinear Load Current 

In this section, the unbalanced nonlinear loads consist of a single-phase ASD, a nonlinear 

load model and a single-phase converter as shown in Figure 6.21 and the phase b 

nonlinear load current is model as  

( ) ( ) ( )
( ) ( )

40 120 30 30 3 120 60 20 5 120 70

10 7 120 80 5 9 120 110
bi sin t sin t sin t

sin t sin t

⎡ ⎤ ⎡ ⎤ ⎡ ⎤= ω − ° − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦

 

for 0 ≤  t  < 0.1s and 

( ) ( ) ( )
( ) ( )

20 120 50 10 3 120 70 5 5 120 100

2 7 120 90 1 9 120 130
bi sin t sin t sin t

sin t sin t

⎡ ⎤ ⎡ ⎤ ⎡ ⎤= ω − ° − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦

 

for 0.1 ≤  t  ≤ 0.2s. 
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Figure 6.21 :  Configuration of 3-phase unbalanced nonlinear loads. 

 

From Figure 6.22, under the initial unbalanced condition, the THD of the nonlinear load 

current for phase a is 37.28%, phase b is 94.37% and phase c is 21.67% for 0 ≤  t  < 0.1s. 

At t = 0.1s, there is a variation in the 3-phase unbalanced nonlinear load currents. The 

THD of the nonlinear load current for phase a is 90.26%, phase b is 57.01% and phase c 

is 27.39% for 0.1 ≤  t  ≤ 0.2s. After the compensation with the proposed adaptive shunt 

active filter, the supply current is balanced and has an overall THD of around 2.25%. 

Though the 3-phase unbalanced nonlinear load currents vary at t = 0.1s, the proposed 

adaptive shunt active filter adapts itself to compensate for unbalanced harmonic currents 

after a transient period of a cycle. Besides that, the proposed power factor correction 

technique makes the supply phase currents in phase with their respective supply phase 

voltages. Vdc is also being regulated at 650V under this loading condition. 
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(a) 

 
(b) 

 
(c) 

 
Figure 6.22 :  Current waveforms for (a) phase a, (b) phase b and (c) phase c under the 

unbalanced nonlinear load current condition. 
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The simulation results for the three different operating conditions are summarized in 

Table 6.1. It can be seen from Table 6.1 that the supply side delivers a real power which 

is slightly higher than that required by the nonlinear load because that extra real power is 

needed to charge up the capacitors of the VSI. From the three simulated test cases, the 

designed ANN with hysteresis-controlled shunt active filter is able to compensate 

harmonic currents very well under both balanced and unbalanced nonlinear load 

conditions with self-charging, adaptative and power factor correction capabilities.  

 

Nevertheless, shunt active filters cannot compensate for the power quality problem 

related to voltage phenomenon. Therefore, the shunt active filter is integrated with the 

series active filter to combine the compensating advantages of both active filters. This 

device called unified power quality conditioner is able to compensate for most of the 

power quality problems. In the next section, we will discuss the experimental and 

simulation results of the proposed UPQC. 
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6.3 Unified Power Quality Conditioners 

 

In order to compensate for the power quality problem related to voltage phenomenon, the 

series active filter is integrated with the shunt active filter to become the UPQC. In this 

section, we will discuss the experimental and/or simulation results for the UPQCs 

designed in Chapter 5. 

 

6.3.1  Experimental Results of DSP-Based UPQC 

This section will study the experimental results of the DSP-based UPQC discussed in 

Section 5.2 of Chapter 5. In this implementation, the nonlinear load used was again the 

thyristor-controlled adjustable dimmer lamp. This nonlinear load generated harmonic 

currents into the supply side. A HP programmable AC power source was programmed to 

supply a distorted voltage consisting of fundamental (50Hz), 3rd order harmonic (150Hz) 

and 5th order harmonic (250Hz) to the load. Without any compensation, the waveform of 

the supply current is is shown in Figure 6.23(a)(top). The waveform at the bottom of 

Figure 6.23(a) is the load voltage vL before the compensation. The FFTs of is and vL 

without the compensation are illustrated in Figure 6.24(a) and (b), respectively. 

 

The THD of vL is 51.5% before the compensation. This time the dimmer is adjusted to 

give is a THD of 87.9% before the compensation. In order to eliminate the system 

harmonic problems, the DSP-based UPQC designed in Section 5.2 of Chapter 5 was 

installed. The experimental results after the UPQC compensation are shown in Figure. 

6.23(b). In Figure 6.23(b), the top waveform is is and the bottom waveform is vL. The 

FFTs of is and vL with the DSP-based UPQC compensation are shown in Figure 6.25(a) 

and (b), respectively. After the DSP-based UPQC compensation, it can be seen that the 
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THD of is is reduced from 87.9% to 17.7% and that of vL is reduced from 51.5% to 

19.9%. There is a tremendous drop in the THD of both is and vL. This shows that the 

designed DSP-based UPQC is operating satisfactorily. Although the THD after the 

compensation is still not within the IEC 61000 and IEEE 519-1992 Standards, it can be 

further improved to meet the standards. 

                

                               (a)                                                                          (b) 

Figure 6.23 :  Waveforms of (a) is (top, 2A/div) and vL (bottom, 80V/div) without UPQC 

compensation, and (b) is (top) and vL (bottom) with DSP-based UPQC compensation. 

                         

                              (a)                                                                            (b) 

Figure 6.24 :  FFTs of (a) is and (b) vL without UPQC compensation. 
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                              (a)                                                                             (b) 

Figure 6.25 :  FFTs of (a) is and (b) vL with DSP-based UPQC compensation. 
 

This DSP-based UPQC cannot adapt to the variation of nonlinear load current or 

nonlinear load type and the THDs of is and vL are not within the standard set by IEEE. In 

the next section, an artificial neural network is applied for the control of UPQC to further 

improve its operating capabilities. 

 

6.3.2 Simulation Results of ANN-Controlled UPQC 

To verify the operating performance of the ANN-controlled UPQC designed in Section 

5.3 of Chapter 5, a 3-phase distribution system with a 3-phase adaptive ANN-controlled 

UPQC is simulated using the Matlab software. The system model in Matlab consists of a 

distorted 3-phase supply voltage v at the PCC, a 3-phase ANN-controlled UPQC and a 3-

phase nonlinear load as shown in Figure 5.8 of Chapter 5. Each phase of the supply 

voltage is made up of the fundamental, 3rd order harmonic, 5th order harmonic, 7th order 

harmonic and 9th order harmonic of different amplitudes and phase angles. The distorted 

supply voltage is model as 

( ) ( ) ( )
( )

230 138 3 70 46 5 100 25 7 110

10 9 150
av sin t sin t sin t sin t

sin t

= ω + ω − ° + ω − ° + ω − ° +

ω − °
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( ) ( ) ( )
( ) ( )

( ) ( ) ( )
( )

230 120 138 3 120 70 46 5 120 100

25 7 120 110 10 9 120 150

230 120 138 3 120 70 46 5 120 100

25 7 120 110 10 9

b

c

v sin t sin t sin t

sin t sin t

v sin t sin t sin t

sin t sin

⎡ ⎤ ⎡ ⎤= ω − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦

⎡ ⎤ ⎡ ⎤= ω + ° + ω + ° − ° + ω + ° − ° +⎣ ⎦ ⎣ ⎦
⎡ ⎤ω + ° − ° +⎣ ⎦ ( )120 150t⎡ ⎤ω + ° − °⎣ ⎦

 

 
for 0 ≤  t  < 0.08s, 

( ) ( ) ( )
( )
( ) ( ) ( )
( ) ( )
( ) ( )

230 78 3 20 36 5 50 20 7 80

5 9 110

230 120 78 3 120 20 36 5 120 50

20 7 120 80 5 9 120 110

230 120 78 3 120 20

a

b

c
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for 0.08 ≤  t  < 0.14s, and 
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for 0.14 ≤  t  ≤ 0.2s. 

The nonlinear load current is model as 
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for 0 ≤  t  < 0.06s, 
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for 0.06 ≤  t  < 0.14s, and 
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for 0.14 ≤  t  ≤ 0.2s. 
 

The simulation runs from t = 0s to t = 0.2s. During this period of 0.2s simulation, a few 

changes in the system operating conditions are deliberately introduced to test the 

robustness and adaptability of the proposed ANN-controlled UPQC. First of all, at             

t = 0.06s, there is a change in the harmonic distortion of the nonlinear load current. At      

t = 0.08s, the harmonic distortion of the supply voltage is also varied. Finally, at t = 0.14s, 

a line-to-line fault involving phases b and c occurs at the supply side to cause 50% 

voltage sag to the supply voltage of these two phases. This also causes the currents of 

these two phases to increase by three times. As a result, a distorted and unbalanced 3-

phase system is formed. Assume that there is no phase angle jump when the fault occurs. 

 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

 

NANYANG TECHNOLOGICAL UNIVERSITY 
School of Electrical and Electronic Engineering 

 
 

Chapter  6 
 

Power Quality Improvement Using Unified Power Quality Conditioner 145 
 

Figure 6.26 and Figure 6.27 respectively show the current waveforms and voltage 

waveforms of the ANN-controlled UPQC. From Figure 6.26, it can be seen that the THD 

of the nonlinear load current is 94.37% for 0 ≤  t  < 0.06s and 57.01% for 0.06 ≤  t  < 0.2s. 

A nearby line-to-line fault occurs between phases b and c at t = 0.14s, which causes the 

currents in these two phases to increase by three times. Without the installation of the 

designed ANN-controlled UPQC, the harmonic currents will propagate to the supply side 

and cause the supply current to be distorted. Once again, the simulation results in Figure 

6.26 and all the subsequent figures of current and voltage waveforms are based on the 

assumption that the weights for the adaptive ANN extraction circuit start with random 

values. Therefore, it takes approximately half a cycle to initialize the weights properly.  

 

As shown in Figure 6.26, with the installation of the ANN-controlled UPQC, is is not 

distorted and has an overall THD of only 3.65%. It can also be seen that whenever there is 

a variation in the nonlinear load current, iinj will vary accordingly to adapt to the change 

in the operating condition. Besides that, the ANN-controlled UPQC can also operate 

satisfactorily in an unbalanced condition. 

 

At the same time, the distorted supply voltage v that could be caused by other nonlinear 

load users connected at the PCC will be reflected to the load voltage vL if the UPQC is not 

installed. Figure 6.27 shows that the THD of v is 64.32% for 0 ≤  t  < 0.08s and 38.41% 

0.08 ≤  t  ≤ 0.2s. A nearby line-to-line fault occurs between phases b and c at t = 0.14s, 

which causes a 50% voltage sag of these two phases at the supply side. With the 

installation of the ANN-controlled UPQC to simultaneously compensate for this 

distortion and sag in v, the THD of vL drops drastically to an overall value of around 

3.76% as shown in Figure 6.27. It can also be observed that the proposed UPQC can 
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adapt itself to the changes in the harmonic distortion and the magnitude of the supply 

voltage as well as can operate satisfactorily in both balanced and unbalanced conditions.  

 

From the simulation results, it can be seen that the waveforms of the supply current and 

load voltage for the three phases are nearly sinusoidal and balanced as compared to those 

without the UPQC compensation. This shows that the proposed ANN-controlled adaptive 

UPQC operates satisfactorily to mitigate harmonics and voltage sags in the distorted and 

unbalanced system, thereby improving the power quality of the supply system. 

 

This section has verified that the ANN-controlled UPQC designed in Section 5.3 of 

Chapter 5 can compensate for harmonic currents as well as harmonic voltages in balanced 

and unbalanced conditions. It can also compensate for voltage sags and is adaptive to 

variations in the operating conditions. However, the two VSIs still need to depend on a 

constant voltage source Vdc and it is unable to correct the power factor of the supply 

current. In view of these points, the ANN with hysteresis-controlled UPQC discussed in 

Section 5.4 of Chapter 5 will be simulated under three different test conditions to verify 

its enhanced operating performance. 
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(a) 

 
(b) 

 
(c) 

 

Figure 6.26 :  Current waveforms for (a) phase a, (b) phase b and (c) phase c of ANN-

controlled UPQC.  
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(a) 

 
(b) 

 
(c) 

 
Figure 6.27 :  Voltage waveforms for (a) phase a, (b) phase b and (c) phase c of ANN-

controlled UPQC.  
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6.3.3  Simulation Results of ANN with Hysteresis-Controlled UPQC 

To verify the operating performance of the ANN with the hysteresis-controlled UPQC 

designed in Section 5.4 of Chapter 5, a 3-phase distribution system with a 3-phase 

adaptive ANN with hysteresis-controlled UPQC is built and simulated using the Matlab 

software. It consists of a distorted 3-phase supply voltage v at the PCC, a 3-phase 

adaptive ANN with hysteresis-controlled UPQC and a 3-phase nonlinear load as shown in 

Figure 5.12 of Chapter 5. In these simulation studies, each phase of the distorted supply 

voltage at the PCC is made up of the fundamental, 3rd order harmonic, 5th order 

harmonic, 7th order harmonic and 9th order harmonic of different amplitudes and phase 

angles.  

  

Three different system operating conditions, namely low to high nonlinear load current 

and balanced distorted supply voltage condition, high to low nonlinear load current and 

unbalanced distorted supply voltage condition, and unbalanced nonlinear load current and 

distorted supply voltage sag condition, are simulated in the following sections. In order to 

simulate a situation which best represents a practical scenario, a 15kVA 3-phase PWM 

adjustable speed drive (ASD) is used as the nonlinear load for the low to high simulation 

test case. For the high to low simulation test case, a 20kVA 3-phase 6-pulse converter 

with PI current regulator is used as the nonlinear load. A single-phase ASD, a nonlinear 

load model and a single-phase converter are used as nonlinear loads for the unbalanced 

simulation test case. In all the simulation studies, the sampling rate is high enough to 

avoid the problem of aliasing.  
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6.3.3.1  Test Case 1: Low to High Nonlinear Load Current and Balanced 

Distorted Supply Voltage Condition 

For the low to high nonlinear load current and balanced distorted supply voltage 

condition, the nonlinear load used is a 15kVA 3-phase ASD with its configuration as 

shown in Figure 6.28. 

Swa Swb Swc

Swb SwcSwa

R

C
From

3-phase
supply

M

Induction
Motor

Adjustable Speed Drive

Swd Swe Swf

Swe SwfSwd

 
Figure 6.28 :  Configuration of 15kVA 3-phase ASD for UPQC. 

The distorted supply voltage is model as  

( ) ( ) ( )
( )
( ) ( ) ( )
( ) ( )
( )

230 138 3 70 46 5 100 25 7 110

10 9 150

230 120 138 3 120 70 46 5 120 100

25 7 120 110 10 9 120 150

230 120 138 3

a

b

c

v sin t sin t sin t sin t

sin t

v sin t sin t sin t

sin t sin t

v sin t sin

= ω + ω − ° + ω − ° + ω − ° +

ω − °

⎡ ⎤ ⎡ ⎤= ω − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦

= ω + ° + ω( ) ( )
( ) ( )

120 70 46 5 120 100

25 7 120 110 10 9 120 150

t sin t

sin t sin t

⎡ ⎤ ⎡ ⎤+ ° − ° + ω + ° − ° +⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω + ° − ° + ω + ° − °⎣ ⎦ ⎣ ⎦

  

for 0 ≤  t  < 0.12s 
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for 0.12 ≤  t  ≤ 0.2s. 

The current and voltage waveforms for this condition are shown in Figures 6.29 and 6.30 

respectively. The waveforms of the nonlinear load current iL shown in Figure 6.29 are 
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very distorted and consists of harmonics up to 25th order. The THD of iL is 90.26% for    

0 ≤  t  < 0.1s. When there is a variation in the ASD nonlinear current at t = 0.1s, the THD 

of iL becomes 37.28% for 0.1 ≤  t  ≤ 0.2s. However, the waveforms of the supply current 

is show little sign of distortion when the designed ANN with hysteresis-controlled UPQC 

is installed. The THD of is drops to an overall value of around 2.6%. When the variation 

occurs at t = 0.1s, the adaptive ANN with hysteresis-controlled UPQC only needs a 

period of a cycle to adapt itself to the change as shown in Figure 6.29. The fast adaptation 

speed is achievable because of the use of the modified W-H ANN extraction circuit. The 

injected compensating current iinj shown in Figure 6.29 consists of the injected quadrature 

current iLf,q to correct the power factor of the supply current, the injected harmonic 

currents iLh to cancel the current harmonics in the nonlinear load current, and the charging 

current idc to self charge the dc link capacitors. Similarly, the simulation results in Figure 

6.29 and all subsequent figures of current and voltage waveforms are based on the 

assumption that the weights for the adaptive ANN extraction circuit start with random 

values. Therefore, it takes approximately half a cycle to initialize the weights properly. In 

practice, this phenomenon will not be observed because initial weights can be estimated 

from real data and the adaptive UPQC will operate in steady state most of the time.  

 

At the same time, the nonlinear load is supplied by a distorted supply voltage v with a 

THD of 64.32% for 0 ≤  t  < 0.12s and of 38.41% for 0.12 ≤  t  ≤ 0.2s. As shown in Figure 

6.30, there is a variation in the distorted supply voltage at t = 0.12s. However, with the 

compensation of the ANN with hysteresis-controlled UPQC, the load voltage vL is 

undistorted and balanced with an overall THD value of around 2.2%. Furthermore, the 

designed UQPC is able to adapt smoothly to the variation when it occurs at t = 0.12s. It 

only takes a period of a cycle to adapt itself to the change in the operating condition. 
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(a) 

 
(b) 

 
(c) 

 
Figure 6.29 :  Current waveforms for (a) phase a, (b) phase b and (c) phase c under the 

low to high nonlinear load and balanced distorted supply voltage condition. 
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(a) 

 
(b) 

 
(c) 

 
Figure 6.30 :  Voltage waveforms for (a) phase a, (b) phase b and (c) phase c under the 

low to high nonlinear load and balanced distorted supply voltage condition. 
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These simulation results have verified that the designed UPQC is able to compensate for 

nonlinear load current and distorted supply voltage simultaneously with the ability to 

adapt itself to the changes in the operating conditions.  

 

6.3.3.2  Test Case 2: High to Low Nonlinear Load Current and Unbalanced 

Distorted Supply Voltage Condition 

For the high to low nonlinear load and unbalanced distorted supply voltage condition, the 

nonlinear load used is a 20kVA 3-phase 6-pulse converter with its configuration as shown 

in Figure 6.31. 

PI current regulator
Iref

Idc

From
3-phase
supply

Swa Swb Swc

DC
Motor

M

Idc

Swa Swb Swc

Swb SwcSwa

 
 

Figure 6.31 :  Configuration of 20kVA 3-phase 6-pulse converter with PI current 
regulator for UPQC. 

 
In this test case, the nonlinear load is supplied by an unbalanced distorted supply voltage 

model as 
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for 0 ≤  t  < 0.12s 
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for 0.12 ≤  t  ≤ 0.2s. 

 

The nonlinear load current iL shown in Figure 6.32 has a THD value of 21.67% for           

0 ≤  t < 0.1s and of 27.39% for 0.1 ≤  t  ≤ 0.2s. However, the THD of is drops drastically 

to an overall value of around 2.4% when the ANN with hysteresis-controlled UPQC is 

used. Again at t = 0.1s, there is a variation in the converter current and the designed 

UPQC still adapts itself to the change after a period of one cycle. At the same time, the 

distorted supply voltage v has a THD value of 64.32% for 0 ≤  t  < 0.12s. As illustrated in 

Figure 6.33, the distorted supply voltage becomes unbalanced at t = 0.12s due to some 

certain conditions and the THD value for phase a is 38.41%, phase b is 29.97% and phase 

c is 23.83% for 0.12 ≤  t  ≤ 0.2s. Nevertheless, the load voltage vL shown in Figure 6.33 is 

sinusoidal and balanced with an overall THD of only 2.28% with the designed UPQC 

installed. 

As the injected compensating current iinj consists of the injected quadrature current iLf,q to 

correct the power factor of supply current, the injected harmonic currents iLh to 

compensate the current harmonics, and the charging current idc to self charge the dc link 

capacitors, the supply side does not deliver any reactive power as shown in Figure 6.34. 
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Figure 6.34(a) depicts the fundamental real power of 12.38kW for 0 ≤  t  < 0.1s and 

4.76kW for 0.1 ≤  t  ≤ 0.2s, and the fundamental reactive power of 14.15kVAr for            

0 ≤  t  < 0.1s and 9.72kVAr for 0.1 ≤  t  ≤ 0.2s consumed by the nonlinear load for each 

phase. The unstable power measurement shown in Figure 6.34 during 0 ≤  t  < 0.03s and 

0.1 ≤  t  ≤ 0.13s is because the adaptive ANN extraction algorithm needs a period of half a 

cycle for the weights to converge since the initial weights are set randomly and the 

measuring instrument in Matlab requires another period of a cycle to compute the power 

whenever there is a change in the nonlinear load current [110]. 

 

With the installation of the designed adaptive ANN with hysteresis-controlled UPQC, the 

supply side needs only to deliver the real power as shown in Figure 6.34(b). The reactive 

power delivered from the supply side is almost zero, resulting in a unity power factor at 

the supply side. With iinj consisting of idc too, the dc link capacitor voltage is able to 

maintain at the desired level as shown in Figure 6.35. Initially, it takes about 0.07s to 

reach and stabilize at the desired value of 716V. When there is a variation in the nonlinear 

load current at t = 0.1s, it takes another 0.07s to stabilize at 716V.  
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(a) 

 
(b) 

 
(c) 

 
Figure 6.32 :  Current waveforms for (a) phase a, (b) phase b and (c) phase c under the 

high to low nonlinear load and unbalanced distorted supply voltage condition. 
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(a) 

 
(b) 

 
(c) 

 
Figure 6.33 :  Voltage waveforms for (a) phase a, (b) phase b and (c) phase c under the 

high to low nonlinear load and unbalanced distorted supply voltage condition. 
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(a) 

 
(b) 

Figure 6.34 :  Waveforms of powers (a) consumed by the nonlinear load and (b) delivered 

by the supply side for phase a of UPQC. 

 
Figure 6.35 :  Voltage waveform of dc link capacitor. 
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The error tracking performances of the hysteresis control for phase a series VSI and 

phase a shunt VSI  are shown in Figure 6.36(a) and (b) respectively. It can be seen from 

Figure 6.36(a) that the error for the series VSI is small, indicating that the hysteresis 

control is able to control the series VSI such that vinj is close to *
injv . Figure 6.36(b) also 

shows that the error for the shunt VSI is small and that the hysteresis control is also 

able to control the shunt VSI such that iinj is close to *
inji . 

 
(a) 

 

 
(b) 

 

Figure 6.36 :  Error tracking performances of hysteresis control for phase a (a) series  
 

VSI and (b) shunt VSI of UPQC. 
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The above two test cases have verified that the designed UPQC not only can compensate 

the distorted supply voltage under balanced and unbalanced conditions, it also can 

simultaneously compensate the nonlinear load current, correct the power factor of the 

supply current, adapt itself to changes in the operating conditions and self charge the dc 

link capacitor. In the next test case, we will verify that the designed UPQC can also 

compensate the unbalanced nonlinear load current. 

 
 

6.3.3.3  Test Case 3: Unbalanced Nonlinear Load Current and Distorted Supply 

Voltage Sag Condition 

In this test case, the unbalanced nonlinear loads consist of a single-phase ASD, a 

nonlinear load model and a single-phase converter supplied by a distorted supply voltage. 

There will be a simulated 30% supply voltage sag for 0.12 ≤  t  ≤ 0.2s too. The 

unbalanced nonlinear loads are shown in Figure 6.37 and the phase b nonlinear load 

current is model as  

( ) ( ) ( )
( ) ( )

40 120 30 30 3 120 60 20 5 120 70

10 7 120 80 5 9 120 110
bi sin t sin t sin t

sin t sin t

⎡ ⎤ ⎡ ⎤ ⎡ ⎤= ω − ° − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦

 

for 0 ≤  t  < 0.1s and 

( ) ( ) ( )
( ) ( )

20 120 50 10 3 120 70 5 5 120 100

2 7 120 90 1 9 120 130
bi sin t sin t sin t

sin t sin t

⎡ ⎤ ⎡ ⎤ ⎡ ⎤= ω − ° − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦

 

for 0.1 ≤  t  ≤ 0.2s. 
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Figure 6.37 :  Configuration of 3-phase unbalanced nonlinear loads for UPQC. 

 

The distorted supply voltage v is model as 

( ) ( ) ( )
( )
( ) ( ) ( )
( ) ( )
( )

230 138 3 70 46 5 100 25 7 110

10 9 150

230 120 138 3 120 70 46 5 120 100

25 7 120 110 10 9 120 150

230 120 138 3

a

b

c

v sin t sin t sin t sin t

sin t

v sin t sin t sin t

sin t sin t

v sin t sin

= ω + ω − ° + ω − ° + ω − ° +

ω − °

⎡ ⎤ ⎡ ⎤= ω − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦

= ω + ° + ω( ) ( )
( ) ( )

120 70 46 5 120 100

25 7 120 110 10 9 120 150

t sin t

sin t sin t

⎡ ⎤ ⎡ ⎤+ ° − ° + ω + ° − ° +⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤ω + ° − ° + ω + ° − °⎣ ⎦ ⎣ ⎦

 

for 0 ≤  t  < 0.12s 

( ) ( ) ( ){
( )}

( ) ( ) ( ){
( ) ( ) }

( )

0 7 230 78 3 20 36 5 50 20 7 80

5 9 110

0 7 230 120 78 3 120 20 36 5 120 50

20 7 120 80 5 9 120 110

0 7 230 120 78 3

a

b

c

v . sin t sin t sin t sin t

sin t

v . sin t sin t sin t

sin t sin t

v . sin t sin

= ω + ω − ° + ω − ° + ω − ° +

ω − °

⎡ ⎤ ⎡ ⎤= ω − ° + ω − ° − ° + ω − ° − ° +⎣ ⎦ ⎣ ⎦

⎡ ⎤ ⎡ ⎤ω − ° − ° + ω − ° − °⎣ ⎦ ⎣ ⎦

= ω + ° + ω( ) ( ){
( ) ( ) }

120 20 36 5 120 50

20 7 120 80 5 9 120 110

t sin t

sin t sin t

⎡ ⎤ ⎡ ⎤+ ° − ° + ω + ° − ° +⎣ ⎦ ⎣ ⎦

⎡ ⎤ ⎡ ⎤ω + ° − ° + ω + ° − °⎣ ⎦ ⎣ ⎦

 

for 0.12 ≤  t  ≤ 0.2s. 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

 

NANYANG TECHNOLOGICAL UNIVERSITY 
School of Electrical and Electronic Engineering 

 
 

Chapter  6 
 

Power Quality Improvement Using Unified Power Quality Conditioner 163 
 

From Figure 6.38, under the initial unbalanced nonlinear load condition, the THD of the 

nonlinear load current for phase a is 90.26%, phase b is 83.68% and phase c is 21.67% for 

0 ≤  t  < 0.1s. At t = 0.1s, there is a variation in the 3-phase unbalanced nonlinear load 

currents. The THD of the nonlinear load current for phase a becomes 37.28%, phase b 

becomes 79.06% and phase c becomes 27.39% for 0.1 ≤  t  ≤ 0.2s. After the compensation 

with the adaptive ANN with hysteresis-controlled UPQC, the supply current is becomes 

more sinusoidal and balanced and has an overall THD of around 2.43%. Though the 3-

phase unbalanced nonlinear load currents vary at t = 0.1s, the designed UPQC adapts 

itself to compensate for unbalanced harmonic currents after a transient period of a cycle. 

In addition, the designed UPQC can also correct the power factor of the supply current 

near to unity and maintain the dc link capacitor voltage at the desired level. 

 

At the same moment of time, the THD of v is 64.32% for 0 ≤  t  < 0.12s and at  t = 0.12s, 

there is a 30% sag for the 3-phase distorted supply voltage as shown in Figure 6.39. The 

THD of v is 38.41% for 0.12 ≤  t  ≤ 0.2s. With the compensation of the ANN with 

hysteresis-controlled UPQC, the THD of the load voltage vL has an overall value of 

around 2.1% and there is no sign of voltage sag at the load voltage. Therefore, all the 3-

phase nonlinear loads are able to ride through the 30% voltage sag. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

 

NANYANG TECHNOLOGICAL UNIVERSITY 
School of Electrical and Electronic Engineering 

 
 

Chapter  6 
 

Power Quality Improvement Using Unified Power Quality Conditioner 164 
 

 
(a) 

 
(b) 

 
(c) 

 
Figure 6.38 :  Current waveforms for (a) phase a, (b) phase b and (c) phase c under the 

unbalanced nonlinear load current and distorted supply voltage sag condition. 
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(a) 

 
(b) 

 
(c) 

 
Figure 6.39 :  Voltage waveforms for (a) phase a, (b) phase b and (c) phase c under the 

unbalanced nonlinear load current and distorted supply voltage sag condition. 
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The three test cases of this section have verified that the designed ANN with hysteresis-

controlled UPQC has not only combined the compensating capabilities of shunt and series 

active filters, it has also aggregated additional capabilities. The ANN with hysteresis-

controlled UPQC can now compensate for harmonic currents, harmonic voltages and 

voltage sags under both balanced and unbalanced conditions with the abilities to adapt 

itself to variations in system operating conditions, correct the power factor of the supply 

current near to unity and self charge the dc link capacitor so that the dc link voltage can 

be maintained at the desired level. 
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CHAPTER 7 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

This chapter concludes with a summary of research work done so far and recommends 

tasks for further research. 

 

7.1 Conclusions 

 

Over the past few years, the growth in the use of nonlinear loads has caused many power 

quality problems like high current harmonics, low power factor and excessive neutral 

current. Nonlinear loads appear to be current sources injecting harmonic currents into the 

supply network through the utility’s PCC. This results in distorted voltage drop across the 

source impedance, which causes voltage distortion at the PCC. Other consumers at the 

same PCC will receive distorted supply voltage, which may cause overheating of power 

factor correction capacitors, motors, transformers and cables, and mal-operation of some 

protection devices. Therefore, it is important to install compensating devices to eliminate 

the harmonic currents produced by the nonlinear loads.  

 

Conventional way of eliminating harmonic problems is by the use of passive shunt filters 

and passive series filters. Passive shunt filters are different configurations of resistor, 

inductor and capacitor used to eliminate the harmonic currents produced by the nonlinear 

loads. They are connected in parallel with the load to trap the harmonic currents within 

the nonlinear loads and the filters. They provide a low-impedance path for harmonic 
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currents to flow. Passive series filters are different configurations of resistor, inductor and 

capacitor used to eliminate the harmonic voltages. They are connected in series between 

the supply voltage and the load to block the harmonic voltages from appearing across the 

load voltage. Unlike passive shunt filters, passive series filters appear as high-impedance 

reactors for harmonic voltages such that they will not be propagated to the load voltage. 

 

Although passive filters are commonly used due to their simplicity and low cost, each 

configuration of the passive filters is tuned to filter only a specific harmonic frequency. 

Many branches of the passive filters will be required if a range of the harmonic spectrum 

is to be compensated. This makes passive filters ineffective as compensators for harmonic 

currents and voltages compensation. Besides that, passive filters are highly susceptible to 

series and parallel resonances with the supply and the load. 

 

To overcome the technical limitations of the passive filters, active filters are used to 

compensate a wide range of harmonic spectrum. As the active filter consists of a voltage 

source inverter with a constant dc voltage source, it can be controlled to inject a range of 

harmonic currents with the same amplitude and opposite phase to cancel the harmonic 

currents produced by the nonlinear load. As a result, it can compensate a wide range of 

harmonic currents if it is connected in shunt with the nonlinear load and a wide range of 

harmonic voltages if it is connected in series with the distorted supply voltage. 

 

Major research works have been carried out on control circuit designs for active filters so 

that active filters can improve the compensating capabilities. In fact, many publications 

have already proposed innovative controllers for shunt active filters to alleviate the 

current harmonics produced by the nonlinear loads. These include the use of automatic 
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gain control in a shunt active filter for harmonic damping throughout a power distribution 

line and digital-controlled shunt active filter based on voltage detection to damp out 

harmonic propagation. Therefore, it can be seen that the use of artificial intelligence as 

controllers for active filters is very seldom considered. 

 

Conventional active filters are controlled using analogue controllers with simple band-

pass or low-pass filters to extract the harmonic components. However, as the era of 

electronics advances, active filters can now be controlled using digital signal processing 

techniques. This thesis proposes the use of artificial neural network (ANN) techniques for 

the shunt active filters to enhance their functionalities and capabilities. The extraction 

circuit uses an ANN algorithm to compute the harmonic and reactive currents for the 

nonlinear load. These two signals are used as the reference signal for the hysteresis 

control of a three-phase IGBT voltage source inverter (VSI). With the use of this ANN 

extraction circuit, the shunt active filter can be made adaptive to variations in nonlinear 

load currents or nonlinear load types. It can also compensate the unbalanced nonlinear 

load currents and correct the power factor of the supply side near to unity. It also has the 

capability to regulate the dc capacitor voltage at the desired level. The application of 

ANNs in active filters makes the extraction of harmonics faster resulting in faster 

adaptation of the active filters to any variation in the operating condition. Besides that, it 

also makes alternation in the designs of control circuit easier and more flexible for active 

filters. Furthermore, the modification of the conventional ANN weights updating 

algorithm to extract the harmonics greatly enhances the speed of the algorithm and 

extraction. As a result, the adaptation time can be shortened from a typical 2 or 3 cycles to 

only 1 cycle. Additionally, the proposed shunt active filter can lock the triplen harmonic 

load currents or the unbalanced nonlinear load currents within itself so that the supply 
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side always delivers 3-phase balanced sinusoidal currents with unity power factor under 

all conditions. 

 

This thesis has also progressively built up the shunt active filters from conventional 

analogue shunt active filter, DSP-based shunt active filter, ANN-controlled shunt active 

filter to the final resultant ANN with hysteresis-controlled shunt active filter. 

Experimental and/or simulation results under various system operating conditions are 

obtained and discussed to verify the design concepts of each individual shunt active filter. 

It is shown from the results that the proposed ANN with hysteresis-controlled shunt active 

filter has the best operating performance and compensating capabilities. It is highly 

effective and robust in harmonic currents compensation. 

 

However, shunt active filters are unable to compensate power quality problems due to 

voltage phenomenon. Therefore, the shunt active filter is integrated with the series active 

filter to form UPQC. UPQC combines the advantages and compensating capabilities of 

both shunt and series active filters. Likewise, the technology used in the design of UPQC 

has progressed over the last decade. DSP-based UPQCs have started to take over 

conventional analogue UPQCs. That is why in this thesis, we started with the 

investigation of the DSP-based UPQC. Progressively, the investigation of UPQC will 

move on with the use of modern artificial intelligence, which is Artificial Neural 

Networks in this thesis. The application of ANNs in UPQC makes the extraction of 

harmonics faster and results in faster adaptation of the series and shunt active filters of the 

UPQC to any variation in the operating condition. The resultant ANN with hysteresis-

controlled UPQC is able to compensate for harmonic currents, power factor, harmonic 

voltages and voltage sags under balanced and unbalanced conditions with self-charging 
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and adaptation capabilities. In order to implement the self-charging technique in this 

ANN with hysteresis-controlled UPQC, we need to coordinate the operation between the 

series and shunt VSIs so that they will not deplete the limited energy from the two dc link 

capacitors. Linear quadratic regulator (LQR) technique is used in this thesis to perform 

the coordination of the ANN with hysteresis-controlled UPQC due to its tolerant of input 

nonlinearities. 

 

This thesis has also progressively built up the UPQC from DSP-based UPQC, ANN-

controlled UPQC to the final resultant ANN with hysteresis-controlled UPQC. 

Experimental and/or simulation results under various system operating conditions are also 

obtained and discussed to verify the design concepts of each individual UPQC. It has 

verified from the results that the proposed ANN with hysteresis-controlled UPQC has the 

best operating performance and compensating capabilities. It is shown that ANN with 

hysteresis controller is highly effective, adaptive and robust. 

 

Nevertheless, there is still room for improvements on the proposed design concepts and 

on the research of active filters and UPQCs. 

 

7.2 Recommendations for Further Research 

 

In the author’s opinion, the following recommendations remain open for further research: 

 

7.2.1  Experimental Validation 

This thesis is to study harmonics compensation using shunt active filters and UPQCs. As 

stated in the Introduction, the objective is to design a compensating device that can 
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compensate for most, if not all, of the power quality problems. Although the ANN with 

hysteresis-controlled shunt active filter and UPQC have been verified through simulation 

studies that they can compensate for most of the power quality problems, they have yet to 

be verified by experimental results. Therefore, the design concepts of the proposed ANN 

with hysteresis-controlled shunt active filter and UPQC should be validated by 

experimental results in the future. 

 

7.2.2  Frequency Compensation  

Frequency of a supply network may vary under the circumstances of fault and 

overloading of distribution of generator. However, neither the proposed shunt active 

filters nor UPQCs are able to compensate the frequency variation in the supply network. 

Currently, if there is phase angle jump and/or frequency variation during a supply voltage 

sag, the proposed UPQC may not be able to compensate the sagged load voltage to the 

pre-sag level. This is because the proposed ANN algorithm does not take into 

consideration of the phase angle difference between the pre-sag supply voltage and the 

sagged supply voltage. Neither the frequency variation is taken into consideration. 

Therefore, it will be much better if the ANN algorithm can take into consideration the 

phase angle jump and frequency variation in the pre-sag supply voltage and the sagged 

supply voltage when doing the estimation. It is suggested that the supply frequency 

(ω=2πf) in the ANN algorithm be defined as a non-constant frequency f instead of 

constant frequency (f=50Hz). In this way, the frequency and phase angle jump of the pre-

sag supply voltage can be saved in arrays and used to compare with those of the sagged 

supply voltage. If there is any discrepancy between the pre-sag and sagged supply 

voltages, the algorithm will compute the differences and estimate the reference vinj to 

compensate the voltage sag and shift the operating frequency back to the fundamental 
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frequency. Undeniably, it will not be so simple and modifications may be needed in the 

extraction and control circuits.  

 

7.2.3  Coordination of Series and Shunt VSIs of UPQC 

Currently, the LQR technique is used in this thesis to perform the coordination of the 

series and shunt VSIs for the ANN with hysteresis-controlled UPQC. Although the LQR 

is tolerant of input nonlinearities, its stability is crucially determined by the design of its 

gain matrix. If the gain matrix is not designed correctly, the stability of the LQR 

coordination will be easily lost resulting in large tracking errors in the hysteresis control. 

This will destabilize the whole system.  

 

Therefore, future researchers may consider using H-∞ loop reshaping synthesis to replace 

the LQR coordination for UPQC. H-∞ loop reshaping synthesis is an optimal and robust 

control which allows explicitly to specify performance and robust stability criteria within 

a frequency band of interest. The H-∞ norm of a transfer function T(s) is the peak value of 

the largest singular value χ  of T(jω) as a function of frequency, that is, 

( ) ( )
R

T s max T j
∞ ω∈

⎡ ⎤≡ χ ω⎣ ⎦                                   (7.1) 

 

7.2.4  Coordination of Multi Shunt Active Filters and/or UPQCs 

Another aspect which is recommended for further research is the coordination among 

different installed shunt active filters and/or UPQCs. It is understood that more than one 

shunt active filter and/or UPQC may be installed in an industrial system. However, each 

shunt active filter and/or UPQC operates independently and has its own separate 

controller. In this way, there is no synergy and coordinated interaction among the 
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installed shunt active filters and/or UPQCs. It is suggested that further research should be 

carried out to investigate how interaction and coordination among the installed shunt 

active filters and/or UPQCs could be achieved. With coordination among the shunt active 

filters and/or UPQCs, if one shunt active filter and/or UPQC is down, the other shunt 

active filter and/or UPQC may be controlled in a way to help take over the workload of 

the downed shunt active filter and/or UPQC depending on how the coordination is 

designed. With coordination, several shunt active filters may even share one energy 

storage and if one shunt active filter is not required to operate, it can be used as a rectifier 

to charge up the energy storage for other shunt active filters and/or UPQCs. 

 

To achieve the above recommendation, a coordination algorithm must first be chosen or 

derived. H-∞ and LQR can also be considered as one of the coordination algorithms for 

the above recommendation. Other coordination algorithms available can also be 

considered or modified to achieve the coordination among the installed shunt active filters 

and/or UPQCs. 

 

Of course, there are definitely other further improvements and research works that can be 

done for active filters and UPQCs other than the recommendations mentioned in this 

chapter. We hope that the above recommendations can be considered for further research 

in the future.  
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APPENDIX 

 

SYSTEM PARAMETERS 

 

A.1 Parameters for 3-phase ANN-controlled shunt active filter (Figure 4.18) 

Lsh,a = Lsh,b = Lsh,c = 0.5mH 

 

A.2 Parameters for 3-phase ANN with hysteresis-controlled shunt active filter 

(Figure 4.24) 

2

*
dcV = 325V 

C1 = C2 = C = 4000µF 

b = 0.05 

Lsh,a = Lsh,b = Lsh,c = 0.5mH 

 

A.3 Parameters for 3-phase ANN-controlled UPQC (Figure 5.8) 

Lsh,a = Lsh,b = Lsh,c = 0.8mH 

Lse,a = Lse,b = Lse,c = 1mH 

Cse,a = Cse,b = Cse,c = 100µF 

Transformer ratio = 1:1 

Transformer rating = 25kVA 
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A.4 Parameters for 3-phase ANN with hysteresis-controlled UPQC model for 

LQR coordination (Figure 5.11) 

Rse = 0.1Ω        

Lse = 1mH 

Cse = 100µF 

Rsh = 0.1Ω 

Lsh = 0.8mH 

R = 0.1Ω 

L = 1mH 

2

*
dcV = 358V 

r = 10-3 

 

A.5 Parameters for 3-phase ANN with hysteresis-controlled UPQC (Figure 5.12) 

Lsh,a = Lsh,b = Lsh,c = 0.8mH 

Lse,a = Lse,b = Lse,c = 1mH 

Cse,a = Cse,b = Cse,c = 100µF 

Transformer ratio = 1:1 

Transformer rating = 25kVA 

b = 0.05 

C1 = C2 = C = 4000µF 

2

*
dcV = 358V 
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