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Abstract

The desire to meet energy needs with clean, green resources is sharply rising in
the age of modern power distribution networks. As a result, there has been an in-
crease in the use of power electronics conversion devices, which has caused the
power distribution network’s power quality to decline. In recent decades, a num-
ber of compensating custom devices have been developed, including unified power
quality conditioners (UPQC), dynamic voltage restorers (DVRs), distributed static
compensators (DSTATCOMs), etc. Combining a DSTATCOM and DVR in a back-
to-back configuration with a shared DC link, a unified power quality conditioner is
a multi-functional device capable of mitigating various power quality issues such as
voltage sags, swells, harmonics, and unbalance. The stabilization of the DC link is
necessary for the proper functioning of UPQC and the seamless integration of dis-
tributed generation into the power grid.

The proportional-integral (PI) controller, which is frequently used to control the
DC link, does not perform well under various dynamic conditions, resulting in de-
graded performance. As the load or power source changes, the conventional con-
troller may no longer be effective, causing the system to react poorly to disturbances.
Traditional PI controllers often use linear approximations, which might not work
well in nonlinear conditions because power systems are made up of different parts
that don’t behave linearly, like transformers, loads, and power sources. As a part of
the thesis, a work on an innovative approach for real-time tuning of PI controllers in
UPQC-DG systems using particle swarm optimization (PSO) have been presented.
The goal is to improve the DC link voltage performance and stability under a range of
different operating condition by dynamically optimizing the PI controller’s settings.
By making use of real-time data and PSO algorithms, the UPQC’s performance have
been enhanced across a range of operational scenarios.

The literatures available worldwide, has suggested various control strategies to
improve the compensatory capabilities of UPQC, which includes reducing its size
and cost. Inductors and RC filters are consistently used in UPQC to mitigate unde-
sirable elements such as switching ripples. However, designing these passive filters
optimally is a challenging task owing to their strong interdependence on UPQC. So,
PSO algorithms has been utilized to design the passive elements in a way to maxi-
mize performance in terms of technological feasibilities such as reduced THD, higher
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power factor, and better voltage regulation. The optimized parameters also aid in cost
and size reduction.

Existing literatures also provides enormous details on the various merits and de-
merits of different control strategies of UPQC. These strategies impact its ability to
mitigate power quality issues, and power losses are a critical factor in any power
quality solution. A detailed study on the power losses associated with such control
strategies needs careful attention. So, the performance of UPQC have been anal-
ysed by conducting a comprehensive comparison of power losses between UPQC-P,
UPQC-Q, and UPQC-S across a variety of operating scenarios. In real-world ap-
plications, the work performed may estimates which one controller is superior to
UPQC. In addition to the control algorithm, a thorough comparison of the power
losses of UPQC and UPQC-DG/IDG are carried out in a real-time simulator using
Opal-RT. This analysis validates the practical feasibility of the most efficient UPQC
configuration.

Finally, this research makes a contribution to the existing body of information
about the enhancement of power quality in smart distribution networks by providing
additional capabilities to UPQC-DG. In addition to compensation of reactive power
for loads, the work includes the UPQC-DG to export reactive power to the grid in
a controllable way. The proposed UPQC-DG system is validated using comprehen-
sive real time simulations in Opal-RT, which evaluate both steady-state and dynamic
performance.
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Chapter 1

Introduction

1.1 Background

When discussing electrical power quality, one must consider how it relates to the
gadgets and equipment used by the customer. The matter concerns the dependability
and uniformity of the voltage applied to electrical equipment. Systems and associated
devices may experience faults, disturbances, or damage as a result of low power
quality.

Power quality is the combinations of many essential factors that define the char-
acteristics of electrical power and determine its suitability for different applications.
An essential factor to consider is voltage quality, which refers to maintaining a con-
sistent and reliable source of power. Variations, imbalances, and voltage sags can
negatively impact the longevity and functionality of interconnected equipment. En-
suring the power supply remains within standard frequencies, such as 50 Hz or 60
Hz, is an important factor in supporting time-dependent technology. Unwanted fre-
quency components called harmonics and inter-harmonics can introduce distortions
that might affect sensitive electronic devices [1], highlighting the need of maintain-
ing high-quality voltage waveforms. Disruptions may arise due to transients, which
are brief fluctuations in voltage caused by switching or lightning.

Furthermore, voltage flicker, defined as rapid changes in voltage, and power fac-
tor, defined as the effectiveness of power use, are important factors in assessing
overall power quality. Power quality needs to be monitored and maintained in in-
dustrial, commercial, and residential homes since poor power quality can lead to
equipment damage, operational problems, data corruption, energy inefficiency, and
downtime [2]. Adherence to set standards, the application of corrective devices, and
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continual improvements in power quality management techniques are necessary to
address these important factors.

Poor power quality can have detrimental effects on equipment and operating ef-
ficiency in a number of different areas [2,3]. The possibility of equipment damage is
one important outcome. Voltage sags, surges, and oscillations may cause rapid failure
of linked equipment, leading to higher maintenance expenses and increased down-
time. Operational problems also occur because low-quality electricity can cause sen-
sitive electronic devices, such as computers and industrial machinery, to malfunction
or operate improperly. Another serious issue is data corruption, which is particularly
problematic in situations where accurate data processing is essential. Electronic sys-
tems can be interfered with by harmonics and transients, which may result in data
loss or corruption. Another effect is energy inefficiency, especially when low power
factor is involved. Subpar usage of electrical power and increased energy expenses
are the results of this inefficiency. Low power quality can lead to severe financial
losses and decreased productivity in industrial environment where continuous oper-
ation is crucial. A complete strategy is needed to address these effects, including
consistent power quality monitoring, adherence to set guidelines, and the installation
of corrective equipment such voltage regulators and power factor correction units.
These units are supposed to maintain balanced sinusoidal voltages of constant mag-
nitude and frequency. Consumers are expected to draw sinusoidal balanced currents
at the unity power factor for sensitive loads such as hospitals and industries.

In industrial plants, harmonics caused by non-linear loads are the main problem
that power conditioners attempt to solve. Active Power Filters (APFs) have become
essential components in modern power distribution systems, serving a vital function
in reducing power quality concerns and improving system dependability. In light of
the increasing need for reliable electrical power, APFs provide advanced remedies to
mitigate a wide range of issues, including voltage drops, surges, harmonics, and reac-
tive power fluctuations. APFs are designed to actively inject counteracting harmonic
currents to ensure a cleaner power supply and decrease distortions that can put sen-
sitive equipment at risk [1, 4–6]. Dynamic voltage restorers, often known as DVRs,
are an essential component in the process of ensuring that voltage sags/swell do not
disrupt the operation of essential loads. In order to safeguard equipment against
voltage-related issues, DVRs are able to detect fluctuations in the voltage and dy-
namically inject compensatory voltage in order to guarantee a consistent supply of
power. Distribution static synchronous compensators (DSTATCOM) are primarily
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Figure 1.1: Conventional UPQC

designed to achieve reactive power compensation and voltage management as their
primary objectives. In distribution networks, they achieve the correction of power
factor imbalances and the stabilisation of voltage levels. They are especially helpful
in circumstances in which fluctuations in voltage may be the result of varied load
demands.

Unified Power Quality Conditioners (UPQC) combine shunt and series active
power filters (DSTATCOM & DVR) to address a variety of power quality problems
in a comprehensive manner [1, 7–11]. In contexts where numerous power quality
constraints coexist, UPQCs provide complete support by simultaneously addressing
voltage and current-related issues. Their wide range of applications, which includes
both residential and commercial spaces, greatly enhances the dependability and ef-
fectiveness of power systems. When combined, these advanced devices demonstrate
the diverse strategy needed to guarantee a high level of power quality in present elec-
trical networks. The UPQC tackles various power quality problems by integrating
the features of shunt and series active power filters. By injecting compensatory volt-
age in series with the load, the UPQC functions as a dynamic voltage restorer in
the series arrangement, reducing voltage sags and swells. In addition, by injecting
equal and opposite compensating currents, the shunt portion of the UPQC acts as
a DSTATCOM, reducing reactive power imbalance and other current-related prob-
lems. The UPQC is able to deliver a solution that is both versatile and effective
because to its integrated approach, which allows it to address multiple power quality
issues simultaneously. The single-line diagram in Fig. 1.1 illustrates the layout of a
UPQC, which also shows the connections between its series and shunt components
in the power system.
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1.2 Motivation and Problem Description

Power quality in electrical distribution networks has been greatly enhanced by uni-
fied power quality conditioners (UPQCs), yet there are still issues and knowledge
gaps that need to be filled. UPQCs rely heavily on their control algorithms [12–15],
which are critical to their overall effectiveness and performance. The difficulty is
finding a middle ground between minimising system losses and attaining efficient
power quality mitigation along with minimizing cost. A crucial area of research is
the comparison of losses in various control algorithms for UPQCs. It is important
to estimate power losses of UPQC and UPQC-DG for various reasons. Firstly, pre-
cise estimation enables engineers to assess system efficiency, helping them identify
areas for improvement and optimise the design for enhanced performance. With a
deep understanding of power loss and system optimisation, designers can implement
strategies to minimise inefficiencies and improve overall energy efficiency. In addi-
tion, accurately calculating power losses is crucial for economic factors to be taken
into account. Greater losses result in higher operating expenses as a result of energy
being wasted. Through the analysis of these losses, decision-makers can assess the
financial viability of various design alternatives and choose the most cost-effective
solution. Although there is literature available on the advantages and disadvantages
of different control systems [1, 8], a thorough comparative study is required, tak-
ing into account variables including operational costs, steady-state performance, and
dynamic performance reaction.

For UPQCs, choosing a control method requires balancing computational com-
plexity, real-time responsive, and simplicity. The complex dynamics in modern
power networks necessitate the development of a sophisticated UPQC controller. DC
link stability is essential in UPQC-DG systems because it directly influences the per-
formance and reliability of the entire power conditioning system. The DC link serves
as the energy storage component, balancing power between the series and shunt ac-
tive filters. If the DC link voltage is unstable, it can lead to inadequate power compen-
sation, causing voltage sags, swells, increased harmonics distortion, and other power
quality issues. Stable DC link voltage ensures that the UPQC can effectively mit-
igate these disturbances, thereby maintaining optimal power quality and protecting
sensitive electrical equipment. The integration of renewable energy sources, variable
load profiles, and the increasing frequency of grid failures need the use of a sophis-
ticated controller to dynamically alter UPQC operation in order to maintain power
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quality requirements across these fluctuations. A significant research gap in this field
is the development of robust, adaptive control methods that can dynamically tune
the PI controllers in real-time to handle varying operational conditions. Traditional
methods, such as the Ziegler-Nichols (ZN) approach, often fail to provide optimal
performance under dynamic and unpredictable load conditions. These conventional
tuning methods are typically static and do not adapt to changes in the system, leading
to suboptimal performance and potential stability issues in the DC link voltage. To
sustain optimal performance amid changing load demands and grid conditions, this
adaptive control is essential. Particle Swarm Optimization (PSO) presents a superior
approach for tuning the PI controller for the DC link due to its ability to dynamically
optimize parameters in real-time. PSO is a population-based stochastic optimization
technique [16] inspired by the social behavior of birds flocking or fish schooling.
It excels in finding optimal solutions in complex, multi-dimensional spaces with its
iterative improvement process. By employing PSO, the PI controller parameters can
be continuously adjusted to respond to changing load conditions and disturbances,
ensuring optimal performance and stability of the DC link voltage. This adaptability
and real-time optimization capability make PSO a better choice for maintaining the
stability and reliability of UPQC-DG systems compared to traditional tuning meth-
ods. In addition, the use of advanced control algorithms, such as the power angle
control [17] approach, results in increased efficiency, reduced energy losses, and op-
timised UPQC operation with respect to particular goals like harmonic reduction and
voltage regulation. Furthermore, enhanced controllers enable UPQC to participate in
ancillary services and grid support activities via smooth connection with the grid. En-
hancing understanding of the losses caused by different control mechanisms would
significantly contribute to the development of UPQC systems that are more efficient
and adaptable.

The ideal size of UPQCs has a significant impact on both their overall perfor-
mance and cost-effectiveness. In order to do this, the proper rating and capacity
of UPQCs must be determined in accordance with the load profiles, power system
characteristics, and particular power quality concerns that need to be resolved. Dy-
namic fluctuations in load circumstances are common in power systems, and it can
be challenging to figure out the ideal size of UPQCs given different load profiles.
Developing methods and algorithms to dynamically modify UPQC sizes in response
to shifting load situations, making sure they stay at the ideal size for effective power
quality enhancement. Implementing optimisation frameworks that take additional
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performance measures into account in addition to cost-effectiveness. These frame-
works can help designers make well-informed decisions and achieve a balance be-
tween competing objectives. When evaluating UPQC integrated with distributed
generation (UPQC-DG), it is important to take into account the extra complexity
that distributed generation brings together with the performance of the system in
terms of reducing power quality problems. Variations that affect power losses dif-
ferently are introduced by the existence of distributed generation in UPQC-DG. The
integration of distributed generation sources, such as wind turbines or solar panels,
brings new elements and operational considerations with UPQC-DG. In addition to
losses in the distributed generation system, such energy storage losses and inverter
conversion losses, the losses in UPQC-DG also include losses related to the UPQC
itself.

UPQC combined with distributed generation [18–21] can also export reactive
power to the grid in a controlled and regulated way in addition to load reactive
power compensation. Complex control procedures are needed when exporting re-
active power to the grid via UPQC-DG. Complex control algorithms are required
due to the dynamic characteristics of reactive power and the unpredictable behaviour
of distributed generation. The interactions between power systems and the grid are
governed by grid rules and regulations. These restrictions apply to reactive power
export, and strict monitoring is required to ensure compliance.

1.3 Objectives of Proposed Research

Proposed research work has been divided into the following objectives:

1. To develop improved control strategies for enhanced power sharing using an
advanced controller for a UPQC integrated with renewable energy under vari-
ous operating conditions of the load, grid & DGs.

2. To develop an optimal UPQC design technique for sizing passive filtering ele-
ments with increased performance based on modified SRF-PAC.

3. To evaluate losses associated with UPQC and UPQC-DG using different con-
trol strategies under different operating conditions.

4. Enhancing utilization of UPQC integrated with renewable energy in smart
grids by providing reactive power support to the grid.
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1.4 Thesis Organization

The organization of the thesis is as follows:
Chapter-1 outlines the background, motivation, and aims of the research con-

ducted in the thesis.
Chapter-2 describes the literature surveys and various existing control techniques

of UPQC-DG and identifies research gaps for further improvement.
Chapter-3 explains the design and development of Unified Power Quality Con-

ditioner (UPQC) and UPQC-DG (Distributed Generation) in MATLAB simulation
and evaluate its performance using Synchronous Reference Frame (SRF) and Unit
Vector Template Generation (UVTG) management techniques.

Chapter-4 proposes a method to improve the tuning of PI control for enhanced DC
link voltage stabilization. This study also incorporates power angle control (PAC),
which distributes the reactive power burden among APFs to optimize the size of
UPQC-DG. The PAC control approach includes VA limits to ensure that converters
operate within design ratings. The proposed technique demonstrates superior perfor-
mance compared to conventional ZN methods in managing DC voltage stabilization.
This study is validated through real-time simulation using the Opal-RT OP4512.

Chapter-5 suggests control and design strategies to improve UPQC’s compensa-
tion while minimizing size and expense. It proposes optimizing passive filters using
Particle Swarm Optimization (PSO) to improve key performance indexes such as
optimizing THD, power factor, losses, and voltage control. This proposed method
surpasses traditional techniques in terms of improving the system’s efficiency.

Chapter-6 examines the comparative power loss in UPQC-P, UPQC-Q, and UPQC-
S. It uses MATLAB simulations to determine the power consumption losses of three-
phase UPQC control techniques (P, Q, and S) under different grid and load distur-
bances.

Chapter-7 compares the power losses caused by non-linear loads under differ-
ent operating conditions using UPQC and UPQC-DG/IDG. It demonstrates that the
UPQC-DG system is more effective and practical for real-world applications.

Chapter-8 proposes enhancements to the UPQC-DG system to provide control-
lable reactive power support to the grid. Utilizing Synchronous Reference Frame
(SRF) and Unit Vector Template Generation (UVTG) theories, the control method
incorporates an additional PI controller to regulate reactive power flow.



Draft

Chapter 1. Introduction 8

Chapter-9 presents the hardware result validation of the shunt APF, UPQC-DG
for different operating conditions and proposed PSO-based PI controller on PV-fed
shunt APF.

Chapter-10 concludes the thesis by providing an overview to research accom-
plishments and the future research prospects.
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Chapter 2

Literature Review

2.1 Preamble

A Unified Power Quality Conditioner (UPQC) is a special type of electrical device
used to improve the quality of power in a distribution system. It is a complete so-
lution made to reduce different types of disruptions in distribution networks and
improve power quality. To solve voltage and current-related problems at the same
time, they [1] successfully integrate the features of a Distribution Static Compen-
sator (DSTATCOM) and a Dynamic Voltage Restorer (DVR) into a single device.
Together, these two filters have the ability to significantly reduce a variety of power
quality issues, improving the dependability and effectiveness of the power supply for
delicate equipment.

In section 2.2, this chapter covers the topologies and controls of UPQC and pro-
vides a brief overview of recent advances. A brief introduction of power angle con-
trol (PAC) is explained in section 2.3. Enhanced power quality and energy efficiency
using UPQC-DG are described in section 2.4. A summary of the literature review is
offered in the form of research gaps at the conclusion of the study (section 2.5).

2.2 Topologies and Control Techniques of UPQC

2.2.1 Topologies

A number of topologies have been developed in recent decades to address different
power quality issues. The UPQC topologies are determined by the types of con-
verters [2, 3] utilised, the supply system, the topology configuration, and the control
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algorithms that impact the overall system rating. The two primary categories into
which the UPQC is divided are 1) physical structure and 2) control mechanism. The
complete hierarchy of the classification is shown in the Fig. 2.1.

UPQC can be categorised based on the physical structure to address power qual-
ity issues. Variations in the physical configuration of its components can influence
the performance, control system design, implementation complexity, and overall im-
plementation costs. These structural changes play a critical role in determining the
efficiency and effectiveness of the UPQC in mitigating power quality problems. The
first category is based on the converter types [2, 3], UPQCs can be modelled us-
ing voltage source inverters (VSI) [4–9], current source inverters (CSI) [2, 3] and
multilevel converter [10–12]. Compared to UPQC-VSI, UPQC-CSI exhibits better
current control ability and reliability. This is due to its faster response to changes in
load current, ability to inject reactive power to regulate output voltage during voltage
interruptions, and the need for fewer switching operations to control output current.
But unlike UPQC-VSI, which is significantly smaller and less costly, UPQC-CSI
uses larger DC side filters and lacks the proper switching devices which makes it
costly and causes power losses.

UPQC can be supplied either by for single phase supply (1−φ ) and three phase
supply (3− φ ). A single-phase UPQC (two wire) [13, 14] is specifically designed
for use in environments with single-phase power systems, commonly found in resi-
dential or small commercial applications. It addresses power quality issues specific
to single-phase loads, incorporating a series compensator to handle voltage-related
problems and a shunt compensator to manage current-related issues in this context.
On the other hand, a three-phase UPQC (three wire and four wire) [15, 16] is en-
gineered to cater to larger and more complex three-phase power systems, prevalent
in industrial and commercial applications. It provides a comprehensive solution for
correcting power quality issues in three-phase environments, including voltage im-
balances, harmonic distortions, and power factor irregularities. A three-phase UPQC
ensures the overall stability and quality of the three-phase power supply by config-
uring both series (DVR) and shunt (DSTATCOM) compensators to simultaneously
handle the complexity of multiple phases. Three-phase, three-wire UPQC is the most
widely researched design. While the DVR is linked in series with the grid system via
an injection transformer, the DSTATCOM is connected in parallel with the load. The
DVR’s VSC and the DSTATCOM’s VSC are both connected to the same DC con-
nection. The purpose of controlling these two VSCs is to increase the load currents
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Figure 2.1: Classification of UPQC topologies

and PCC voltage as well as the power quality. Nonetheless, a fourth wire known
as a neutral conductor referred to as a 3-phase 4 wire UPQC is necessary to reduce
the high neutral current and has been developed in a variety of configurations such
as UPQC with Four leg inverter, UPQC with split capacitor, and UPQC with three
H-bridge inverter.

Another way to categorise UPQC is by topology or configuration, such as left
shunt compensator (UPQC-L) [17] and right shunt compensator (UPQC-R) [18].
The DSTATCOM is attached to the right side of the load in UPQC-R to handle load
current problems and enhance the overall power factor by injecting or absorbing re-
active power as required. The DVR reduces sag and swell to manage the terminal
voltage at the load. For important and sensitive loads, current-based compensation
is provided when the shunt compensator is connected to the left side of the UPQC-R
load. It has higher control complexity and is more expensive than UPQC-R. When
compared to UPQC-L, structurally, UPQC-R provides a greater overall UPQC per-
formance [3]. Because the current flow through a series transformer in a UPQC-R
arrangement is primarily sinusoidal, UPQC-R is frequently employed. The UPQC-L
is rarely employed to mitigate interference between passive filters and shunt invert-
ers.

There are instances where the UPQC is connected to two feeders supplying loads
from different substations, with the first feeder equipped with a series compensator
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and the second feeder with a shunt compensator. When dealing with sensitive loads,
the industrial sector often uses a configuration known as I-UPQC (interline) [19].
The voltage of feeder 1 (line) can be regulated while maintaining the power flow
across feeder 2 (line) with UPQC connected between them. The purpose of interline
UPQC is to enhance the power quality of multi-connected feeders.

Multilevel UPQC is another configuration that is developed by swapping out the
two-level inverter of series and shunt compensator with the multilevel inverter. The
number of semiconductor switches may be increased for specific levels, such as the 3
level, 5 level, and so on, to achieve high power. This increases the control complexity
of the system and makes it even bulkier.

As an alternative to conventional centralised power plants, distributed generation
(DG) is an evolution in the generation and distribution of energy. In addition to in-
creasing the electricity grid’s resilience and dependability, this strategy lowers trans-
mission losses and lessens the effect of single-point failures. It generates electricity
locally using smaller sources, such as wind turbines or solar panels. This reduces the
possibility of issues impacting a wide region, which contributes to the reliability of
energy. DG’s frequent usage of greener energy sources makes it advantageous for
the environment as well. To increase the potential of DG to reduce power losses and
enhance the power quality of distribution networks, it can be combined with custom
power devices. These devices are termed as UPQC-DG [2, 20–23]. The DG is con-
nected to the DC link of the UPQC in order to provide the grid with controlled and
regulated active power. A battery can be added to the UPQC-DG at the DC link,
which is useful for storing excess produced power and serving as a backup in the
event of an islanding mode (or interconnected mode).

Based on the control mechanism (or sag compensation) the UPQC can be further
classified into four types: UPQC-P, UPQC-Q, UPQC-VAmin and UPQC-S. The dis-
ruption in the rms value line voltage carried on by a temporary reduction in the real
voltage between 0.1 and 0.9 p.u. is known as voltage sag. It may affect devices and
systems that are linked to the electrical grid in a number of ways, including failures
in delicate electronic devices and inefficient performance of variable-frequency mo-
tors. It is known as UPQC-P (active power) [24, 25] when voltage sag is corrected
by injecting active power via UPQC. In this approach, in-phase voltage is injected
in series with the source voltage via an injection transformer by a series APF, while
the shunt APF compensates for reactive power. The subtracted amplitude of the load
voltage from the desired voltage equals the amount of voltage that is injected. Both
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voltage swell and voltage sag compensation can accomplished with this technique.
By using a series inverter in UPQC, voltage sag can also be compensated by inject-
ing reactive power. When this occurs, it is referred to as UPQC-Q compensation [7],
with Q representing reactive power. The reactive power is injected perpendicularly
to the source voltage without any active power injection using a series inverter. The
voltage at the load is the resultant of the vector addition of the injected voltage and
the source voltage. Nevertheless, active power injection is unnecessary as a result
of this approach. A shunt inverter is used to maintain a unity power factor at the
load side. However, in some literature, rather of injecting the in-phase/quadrature
component directly into the line, it is injected at a certain optimal angle to limit the
VA loading of the UPQC. The term often used to refer to this kind of compensation
is UPQC-VAmin [5].However, when the series APF delivers both active and reactive
power at a predetermined angle with VA limits to fully utilize the VA rating of the in-
verters, this type of UPQC is known as UPQC-S [6], where S is denoted for apparent
power. This unique concept solves both the sag and swell compensation problems.
The compensation burden is shared between series APF and shunt APF.

2.2.2 Control Techniques

Operating a UPQC requires using a range of advanced control strategies to achieve
best performance in addressing power quality problems. Several control algorithms
have been devised to regulate the DSTATCOM and DVR. The control algorithm
identifies the reference signals for current and voltage and adjusts the fraction of
voltage and current to be injected in order to achieve the desired performance of
UPQCs. These control strategies/ algorithms/ techniques fall into two categories:
time domain and frequency domain (Table 2.1). The time domain group includes the
Synchronous Reference Frame Theory (SRFT) (D-Q Theory) [26–30], the Instan-
taneous Reactive Power Theory (IRPT) (p-q Theory) [1, 31–33], the Instantaneous
Symmetrical Component Theory (ISCT), the Enhanced Phase Locked Loop Theory
(EPPL), and Unit Vector Template Generation (UVTG) (also known as PI controller-
based). Discrete Fourier Transform (DFT), Fast Fourier Transform (FFT), Wavelet
Transformation Theory [34], Kalman Filter Theory [35] etc. belong to the category
of frequency domain techniques. The time domain techniques are faster than the
frequency domain techniques and better suited for real-time control of UPQC [3].
Frequency domain methods are mostly used for power quality monitoring, such as in
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power analyzers, PQ instruments, and so on, while some have been used for control
of UPQC but are slow and require heavy computational calculation.

SRFT and IRPT are the most widely used time domain control techniques. Both
methods transform the voltage and current signals in the ABC form to a stationary
reference form (p-q theory) or a synchronously rotating frame (d-q theory). The
p-q theory uses the Clark transformation of current and voltage to determine zero-
sequence power, real power, and imaginary power. IRPT [6, 22, 36] is used to sep-
arate the fundamental positive and negative sequence components of instantaneous
currents. This transformation technique has also been used for the power angle con-
trol (PAC) of UPQC [6, 37, 38]. The P-Q theory shows limitations when the supply
voltages are distorted or unbalanced, whereas the D-Q theory is able to get a pure
sinusoidal current waveform even in the presence of distorted voltages. In UTVG,
the three-phase reference signals are extracted using a PLL (phase-locked loop) to
get a pure sinusoidal signal at the fundamental frequency. The ISCT does not need
a phase-locked loop to determine the current references. It extracts the fundamental
positive sequence component when the supply voltage is unbalanced. In order to
optimise the utilisation of the DSTATCOM and DVR, a technique known as power
angle control is devised [36–40]. This method distributes the reactive power demand
appropriately between both inverters while ensuring that the overall UPQC rating
remains unaffected.

Enhanced power quality is the result of implementing a hysteresis controller

Table 2.1: Algorithms for UPQC control

S.No. Time domain algorithms Frequency domain algorithms

1. Synchronous reference frame theory Fourier series theory
2. Instantaneous reactive power theory Discrete Fourier transform theory
3. Unit vector Template Generation Fast Fourier transform theory
4. Instantaneous symmetrical components theory Kalman filter based control
5. Power balance theory Wavelet transform theory
6. Neural Network Theory Stockwell transformation theory
7. PI controller based algorithm
8. Current synchronous detection (CSD) method
9. Single phase PQ theory

10. Enhanced phase locked loop based control
11. Conductance based control algorithm
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based on ANFIS [41]. This methodology controls the output voltage and current
of the series active power filter (APF) and the shunt APF, respectively, via neural
network back propagation. In UPQC the regulation of DC link voltage enhances the
compensation capability of UPQC. To regular the DC link, online self tuning of PI
is used in article [42] is achieved using Model Reference Adaptive System (MRAS)
technique is used. On the basis of the state-space model, the MPC control algorithm
is implemented in UPQC in some publications [43, 44]. The objective of the control
strategy is to maintain the load voltage and source current at the specified levels.

2.3 Power Angle Control - A brief description

The introduction of the power angle control algorithm in UPQC systems represents
a notable progress in contrast to traditional methods. Traditional methods for load-
reactive power adjustment mostly depend on the use of shunt inverters, while series
inverters are largely used to handle voltage-related concerns. By using the power
angle control approach, the shunt and series APFs work together to distribute the
load-reactive power demand [37]. This novel method not only decreases the shunt
APF rating but also enhances the utilisation of the series inverter, resulting in cost
reductions and enhanced device efficiency. The power angle control approach guar-
antees that the series APF may effectively assist in correcting for load-reactive power
demand without adding extra active power load on the source during steady-state
operation. Moreover, this sophisticated control method improves the efficiency of
UPQC in different operational scenarios, enabling rapid adjustment to fluctuations
in active and reactive power, as well as load properties. In summary, the power
angle control algorithm used in UPQC systems provides a more advanced and syn-
chronised control method that enhances the distribution of reactive power between
shunt and series inverters. This leads to enhanced performance, efficiency, and cost-
effectiveness when compared to traditional techniques.

In article [40], the proposed SRF-based PAC technique improves power quality
and regulates the distribution of reactive power in UPQC. This is achieved by using a
novel control algorithm that guarantees equal sharing of reactive power between the
shunt and series inverters, even when the source voltage is imbalanced. This tech-
nique use synchronous reference frame (SRF) control to calculate the power angle
for sharing reactive power, even when there is voltage imbalance. The method suc-
cessfully coordinates the inverters to share reactive power by using decoupled load
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current parameters. This coordination remains efficient even when there are fluctua-
tions in the source voltage, such as sag, swell, or unbalancing. This method facilitates
the consistent and balanced allocation of reactive power between the shunt and series
inverters, resulting in enhanced power quality and optimal functioning of the UPQC
system.

However, relying on the source voltage as the reference signal restricts the sys-
tem’s ability to adapt to changes in load conditions. This limitation can result in less
efficient power transfer and reduced overall system performance. In situations where
the load voltage deviates significantly from the source voltage, using the source volt-
age as a reference signal may lead to increased power losses due to inefficient power
transfer and reactive power compensation. This constraint may lead to decreased
power transmission efficiency and diminished overall system performance. When
the load voltage differs much from the source voltage, utilising the source voltage
as a reference signal might result in higher power losses owing to inefficient power
transfer and reactive power adjustment.

Utilising the source voltage as the reference signal may lead to instability in the
system, particularly when there are significant power angle disparities between the
source and load voltages. This instability has the potential to impact the overall
dependability and functioning of the system. A rectification is necessary to enhance
power angle support for improved control of reactive power, in addition to adjusting
the VA rating of converters. In order the address the issue, the load voltage is used
as reference signal in [45] for larger power angle. That means, the controller can
effectively manage the larger reactive power compensation provided by the series
and shunt compensators, optimizing their utilization and ensuring efficient operation
under varying load conditions.

2.4 UPQC-DG for Enhanced Power Quality and En-
ergy Efficiency

Renewable energy sources, namely solar and wind energy, are essential foundations
in the shift towards a sustainable and eco-friendly energy framework. Solar energy
uses photovoltaic cells to capture and convert sunlight into electrical energy. The ac-
cessibility of this technology has been steadily improving, as seen by the widespread
use of solar panels on roofs and the establishment of large solar farms that harness
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Figure 2.2: Unified Power Quality Conditioner with Distributed Generation (UPQC-DG)

sunlight to produce environmentally friendly electricity. Conversely, wind energy
harnesses the kinetic energy of the wind to rotate turbines and generate electricity.
Wind farms, often located in expansive regions or offshore sites, provide a substan-
tial contribution to the worldwide capacity of renewable energy. Solar and wind [46]
energy both have many benefits, such as unlimited availability, less greenhouse gas
emissions, and the possibility of decentralised power generation.

The incorporation of renewable energy into the UPQC system has significantly
accelerated in recent years. The system configuration is referred to as UPQC-DG
(Fig. 2.2). The UPQC-DG is a sophisticated electrical device that aims to improve
power quality in distribution networks by integrating distributed generating tech-
nology. This system integrates the features of a unified power quality conditioner
(UPQC) with the capacity to capture electricity from renewable energy resources
such as solar panels or wind turbines. The UPQC component actively handles volt-
age and current-related disturbances, such as sags, swells, harmonics, and power
factor concerns, guaranteeing a clean and steady power supply. Concurrently, the
distributed generating component enables the incorporation of renewable energy into
the system, fostering sustainability. The UPQC-DG not only addresses power quality
concerns but also helps to minimise the environmental footprint by using clean and
sustainable energy sources. This comprehensive method offers a complete solution
for contemporary power distribution systems, in line with the objectives of depend-
ability, effectiveness, and environmental awareness in the changing field of electrical
power production and distribution.

The DG is connected to the UPQC using a DC link capacitor that is linked to



Draft

Chapter 2. Literature Review 20

both the DSTATCOM and DVR. If there is a disruption in the power supply, the dis-
tributed generation (DG) system will provide power to the load by using the shunt
active power filter (APF) of the UPQC-DG. It has extra functionality in addition to
its existing power quality adjustment capabilities. In the article, the wind generator
is linked to the DC link via the rectifier [47–49]. The turbine’s mechanical energy
is transformed into electrical energy through the utilization of a generator. The wind
energy system supplies power through two modes: interconnected mode and island-
ing mode. During the first mode, wind generators supply power to both the source
and load. In the second mode, wind generators only supply power to the load when
there is a voltage interruption. The UPQC system comprises three components: a
wind turbine, an induction generator, and a rectifier. Most two type of indiuction
generator are used DFIG and SFIG. SFIG has negative impact on the stability as fails
to remain connected to the grid in the event of grid voltage dip or line fault due to
excessive reactive power requirement. Due to new grid code, SFIG is phased out and
replaced with DFIG as it remained connected even in the presence of the disturbance.
In order to improve the low voltage ride through capability of the DFIG [50], sup-
press voltage oscillations under unbalanced faults and regulate DFIG output power
during fluctuated wind speed conditions (ESD-UPQC) [51] is proposed.

Solar PV is integrated to DC link of the UPQC-DG through a DC-DC converter
[52]. It provides additional active power to the load and regulated DC voltage during
availability of solar energy. Generally a DDC boost converter is used to boost the
voltage of the Solar panel. However in some case solar panel is directly connected
to the solar PV is integrated into the DC link of the UPQC-DG through a DC-DC
converter (Fig. 2.2). It provides additional active power to the load and regulates DC
voltage during the availability of solar energy. Generally, a DC-DC boost converter is
used to boost the voltage from the solar PV. However, in some cases, the solar panel
is directly connected to the DC link via a reverse blocking diode to reduce the cost
of the overall system. The hybrid Wind-PV UPQC is implemented in the literature
to gain the advantage of both distributed generations. Since this method is based
on a dual compensation scheme, the parallel converter works as a sinusoidal voltage
source, while the series converter works as a sinusoidal current source.



Draft

Chapter 2. Literature Review 21

2.5 Research Gaps

Based on an exhaustive literature survey, the following research gaps have been iden-
tified in a study of UPQC. These are then taken up in this work, as described in the
subsequent chapters.

• The SRF-PAC technique is used to enhance the efficiency of UPQC-based
compensation, which depends on the stability of the DC link. However, a
comprehensive online implementation of controlling DC link voltage, includ-
ing DG, has not been documented in the available literature.

• The appropriate size of a passive filter in a UPQC is an important topic that
requires attention. In modern power systems, it is crucial to carefully choose
an RC filter and interface inductors that can effectively minimize losses and
improve the performance of the Unified Power Quality Conditioner.

• Many studies tend to only generalize losses by doing a specific examination,
which complicates a thorough understanding. To bridge this gap, a detailed
investigation that integrates simulation and real-world situations is required
to provide precise insights into power loss variances across UPQC control
schemes.

• Furthermore, the power losses analysis in the UPQC and UPQC-DG lacks a
thorough examinations that considers different grid circumstances, load types,
and degrees of DG integration, which hinders the appropriate implementation
and evaluation of performance in real-world situations.

• Although conventional UPQC has used reactive power support to strengthen
its role as an ancillary service provider within smart grid distribution systems,
UPQC-DG has not yet integrated with this provision into its operations.
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Chapter 3

Design and Simulation of UPQC

3.1 Preamble

When dealing with power quality problems, accuracy and economy are becoming
more and more important in the field of power systems engineering. The "Design
and Validation of Unified Power Quality Conditioners (UPQC)" is at the heart of this
technology progress. This work goes into great detail about the complicated steps
needed to plan, build, and almost certainly test UPQC systems, which are modern
devices designed to rectify many different kinds of power quality problems. The
introduction provides a comprehensive reviews of several aspects, starting with the
first concepts on the system requirements, to the selection of UPQC configurations,
and finally the development of an effective control strategy. The introduction talks
about how important advanced simulation tools like MATLAB/Simulink are for care-
fully making UPQC models and how important mathematical modelling is. As this
topic goes on, it covers the important steps of validating through modelling, which
makes sure that the planned UPQC works well in a variety of operating situations.
The introduction provides an overview of this work by demonstrating how theoreti-
cal planning, detailed models, and their practical results can improve the quality and
effectiveness of power distribution systems.

The development of UPQCs [1] involves the use of two converters: shunt APF
and series APF. The two APFs are connected in a back-to-back arrangement, with
a common DC link connection linking them. The shunt APF, referred as DSTAT-
COM (Distribution Static Synchronous Compensator) [2, 3], offers reactive power
compensation, load balancing, neutral compensation, and harmonic mitigation. It is
connected to the parallel circuit of the load. The series APF, also known as DVR
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Figure 3.1: Configuration of UPQC-DG with solar PV connected to DC link via a boost
converter

(Dynamic Voltage Restorer) [4], ensures that the load voltage remains unaffected by
any disruptions in the supply voltage. The system is connected to the grid using an
injection transformer, which introduces compensatory voltage between the voltage
source and the consumer load. For UPQC-DG, PV is chosen as a DG source due
to its economic viability and environmental friendliness. It is linked to the DC link
connected between two active power filters (APFs) as shown in Fig. 3.1. The shunt
APF delivers active power generated by the photovoltaic (PV) system, eliminating
the need for an additional grid-tied tie converter.

Each output of APFs is connected to interface inductors. Utilizing them reduces
the amount of ripple current that enters the grid. The output of each APF is equipped
with a high-pass RC filter to eliminate high-frequency components generated during
the switching of the inverters’ IGBTs. To allow high-frequency components to get
through, the time constant of the RC filter must be much less than the fundamental
time period.

This chapter addresses the conventional approach for developing a Unified Power
Quality Conditioner (UPQC) and UPQC with Distributed Generation (UPQC-DG)
(in section 3.2). The configuration used for the investigation of Unified Power Qual-
ity Conditioner (UPQC) is a three-phase, three-wire system. This chapter presents
the guidelines for choosing the appropriate DC capacitor (section 3.3.1), interface
inductor (section 3.3.2 & 3.4.2) and ripple filter (section 3.3.3 & 3.4.3).
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3.2 Design Procedure of UPQC

The design process for a UPQC is a methodical and interdisciplinary approach that
aims to identify and correct power quality problems in electrical power distribution
networks. Designers start by defining precise system requirements and then identify
the individual power quality issues to be addressed, including voltage sags, swells,
harmonics, and power factor correction. The selection of the UPQC configuration,
whether it is series or shunt compensators, is a critical decision that relies on the
problems that have been determined. The ratings and capacities of the UPQC com-
ponents are determined to ensure they are suitable for the size of disturbance in the
power system. Our first focus should be the design of the APF (see section 3.3),
followed by the various equipment linked to the APF’s output [1, 5, 6]. The rating
of the APF depends on the compensation need and the severity of load imbalance.
The voltage rating of the device is determined by the DC link voltage. The design
techniques for selecting the equipment for the UPQC and UPQC-DG are provided in
the following subsection:

3.3 Design of Shunt APF

3.3.1 Designing the DC Bus Voltage

The shunt active power filter requires a minimum DC link voltage that is more than
twice the peak value of the output phase voltage. The DC link voltage may be deter-
mined using the following formula [1]:

VDC,min = 2
√

2VLL/
√

3m (3.1)

Keeping as 415 V, and m as 1.0, the minimum value of DC link voltage is found to be
677.7 V and nominal (reference) DC link voltage is selected as 700 V. VLL represents

Table 3.1: Parameters of system

3-phase supply 415 V, 50 Hz, RS = 0.05 Ω, LS = 0.25 mH
Load-1 3-phase rectifier ( RDC = 15.69 Ω, LS = 0.1 mH, PDC = 20 kW)
Load-2 3-phase R-L load (10 kW, 0.554 p.f. lagging)
Load-3 3-phase R-L load (10 kW, 0.554 p.f. lagging)
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the line-to-line voltage, whereas m represents the modulation index. In the case of
the 3-phase system, the line-to-line voltage (VLL) is set at 415V, and the reference
direct current (DC) link voltage is chosen at 700 V. By setting the value of m as 1,
the VDC gets calculated to be 677.69 V.

The DC capacitor, which is attached to the common DC bus connection, serves
as a power storage and provides the necessary DC voltage for the proper functioning
of both the DSTATCOM and DVR. A sufficient amount of immediate energy should
be available inside the system in order to provide power to DSTATCOM and DVR
during instances of transient occurrences. Utilising the theory of energy conservation
yields

1
2

CDC(V 2
DC−V 2

dc,1) = 3k1aV It (3.2)

The variables used in above equation are as follows: CDC represents the capaci-
tance value, VDC represents the nominal DC link voltage, Vdc,1 represents the mini-
mum DC voltage of the DC link, k1 denotes the per unit fluctuation in energy during
transients, ′a′ represents the overloading factor, I represents the phase current, and
t is the time required for the DC bus voltage to be restored. Given VDC = 700 V,
Vdc1 = 677.69 V, k1 = 0.1, V = 239.60 V, I = 32 A, t = 30 ms, and a = 1.2, the
calculated capacitance value, Cdc, is 5560 µF , which is rounded down to 5500 µF .

3.3.2 Designing the Interfacing Inductor

The inductor that is connected between the shunt APF and the grid line is determined
by the DC link voltage (VDC), current ripple (Icr,pp), and switching frequency ( f s).
The equation (3.3) that describes this relationship is as follows [6];

Lsh =
√

3mVDC/12a fsIcr,pp (3.3)

The modulation index, denoted as m, is defined as the ratio of the peak amplitude of
the modulating signal to the peak amplitude of the carrier signal. The overloading
factor, denoted as a, represents the extent to which a system is overloaded. Given the
parameters Icr,pp= 10% of 32 A, fs = 15 kHz, and VDC = 700 V, with a = 1.2 and
m = 1.0. The value of Lsh is determined to be 1.75 mH, and the rounded value is
chosen as 1.8 mH.
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The shunt APF has a per-phase current rating of 32 A. The rated phase voltage
of the APF is equal to the load voltage, and it is kept constant by the series APF. The
shunt APF has a three-phase VA rating of 40 kVA.

3.3.3 Designing the RC Filter

The first-order RC high-pass filter is used to eliminate noise from the voltage at
the PCC. The filter design requirement necessitates a much smaller time constant in
comparison to the fundamental period. The filter’s impedance should be high for
the fundamental frequency, resulting in minimal current draw at the fundamental
frequency [1]. The ripple filter parameters have been chosen as R = 5 Ω and C = 10
µF , resulting in a time constant of 50 µs. The impedance supplied at the switching
frequency is 5.93 Ω, while at the fundamental frequency it is 318 Ω.

3.3.4 Designing the rating of switch

The voltage rating of the switches (Vsw) calculated under dynamic circumstances is
provided as an estimate:

Vsw =VDC +Vd,peak (3.4)

where Vd,peak is the maximum overshoot in the DC link
The current rating of the switches under dynamic situations is provided as an

estimate.

Isw = 1.25(Icr,pp + Ipeak) (3.5)

The switches have a voltage rating of 770 V and a current rating of 60.56 A. The
VSCs of DSTATCOM and DVR are equipped with IGBTs that have been carefully
chosen to meet the safety requirements, with a voltage rating of 1200 V and a current
rating of 300 A.
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3.4 Design of Series APF

3.4.1 Selection of Injection Transformer

An injection transformer is used to connect the series APF to the grid. The output
voltage of the transformer is determined by the injected voltage when sag compen-
sation is applied. For 40% sag compensation, when taking into account a load with
a power factor of 1, the estimated injected voltage (Vc) can be calculated as:

Vc =VLL ∗0.4 = 239.6×0.4 = 95.8 (3.6)

The equation provided below gives the maximum turn ratio of the injecting trans-
former:

nT,max =VV SC/VSr = 415/(95.8×
√

3) = 2.5 (3.7)

The VA rating of the injection transformer is

Ssr = 3VsrIsr = 3∗85.8× (40000/(3× (239.6−0.4×239.6))) = 12kVA (3.8)

During a sag event, the voltage provided by the source falls, causing the sources
to increase their output in order to keep the load power at the same level. The mag-
nitude of the current passing through the secondary winding of the injection trans-
former is governed by the magnitude of the source current during a sag in voltage.
The computation is performed in the following manner:

IS,sag = PL/3(VS−VSr) (3.9)

With the total load specified in Table 3.1, the active power amounts to 40 kW.
The nominal source voltage per phase (VS) is 239.6V, while the series voltage drops
to 95.84 V during a 40% sag. Using these values, the sag is measured at 92.75A.
Similarly, the series transformer has a VA rating of 12 kVA. Given that the power
flowing through the injection transformer also passes through the APF, it is assumed
that the rating of the series APF is the same as that of the injection transformer.
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3.4.2 Selecting Interfacing Inductor

The actual magnitude of the load directly determines the current that passes through
the secondary side of the injection transformer. To determine the design of the in-
terface inductor for the series APF, it is necessary to compute the supply current IS

during a voltage swell event.

IS,swell = PL/3(VS +VSr) (3.10)

When taking into account the 5% fluctuation in the source current (Icr,pp). The
modulation index is set to 1, the direct current voltage (Vdc) is 700V, the injection
transformer turn ratio (nT ) is 1.0, the overloading factor is 1.2, and the switching
frequency ( fs) is 15 kHz. The value of the interfacing inductance LSr of the series
APF is calculated (7 mH) as:

LSr =
√

3mVDCnT/12a fsIcr,pp (3.11)

3.4.3 Selecting RC filter

The design criteria for the RC filter in the DVR are similar to those for the shunt
APF. However, for the series APF, the resistance is reduced, and the capacitance is
intentionally increased. The resistive value, R, is 2 Ω, while the capacitive value, C,
is 20 µF . The impedance at a frequency of 5 kHz is 2.6 Ω, whereas the impedance at
the fundamental frequency is 159.2 Ω. The resultant time constant is 40 µs.

3.4.4 Selecting the rating of switch

The voltage rating of IGBT switches in series APF is equivalent to that of shunt APF
because they both utilize a shared DC link. The current rating of the switch (39.75
A) for DVR is calculated as:

Isr = Isr,sag/Nsr = (40000/(3× (239.6−0.4×239.6)))/Nsr (3.12)

3.4.5 Design of Solar PV array

This research also covers the discussion on the integration of distributed energy in
UPQC. Solar PV is widely recognised as a viable and sustainable energy option. For
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the design of UPQC-DG, a suitable solar PV array is selected to provide power at the
maximum power point. The SPR-305E-WHT-D PV module has been chosen for the
construction of the PV array. Table 3.2 displays the manufacturing specifications. A
string is formed by connecting ten PV modules in series, and a complete PV array is
formed by connecting five such strings in parallel.

Table 3.2: Specifications of solar PV module

Maximum Power 305.2 W
Number of cells per module 96

Open circuit voltage 64.2 V
Short circuit current 5.96 A

Voltage at MPP 54.7 V
Current at MPP 5.58 A

The specifications of a solar PV array under standard test conditions (1000 W/m2,
25°) are displayed in the Table 3.3.

Table 3.3: Parameters of solar PV array

Maximum Power 15.3 kW
Open circuit voltage 642 V
Short circuit current 30.3 A

Voltage at MPP 547 V
Current at MPP 27.9 A

3.4.6 Design of DC-DC converter

The DC-DC converter is attached to the DC link of the UPQC-DG. It is utilised to
increase the voltage at the DG terminal to match the DC-link voltage and efficiently
harness the maximum power available from the DC source through MPPT control.
The input rated input voltage is 545 V, which represents the maximum power point
under standard environmental conditions. The converter is designed to be a boost
converter, with a DC link output voltage of 700 V. The input voltage range is set at
500–575 V to accommodate any fluctuations in PV output. To achieve a stable CCM
mode of operation, the inductance of the boost converter can be determined using
Eq. 3.13 [7]:
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LB =VPV (VDC−VPV )/∆IL fSVDC (3.13)

In the given Eq. (3.13), the values of VPV , VDC, ∆IL, and fS are provided (545 V,
700 V, 2.0 A, 15 kHz), resulting in the calculation of LB as 4.02 mH, which is rounded
up to 5 mH. Based on the boost converter’s maximum input current and voltage, the
estimated VA rating is 16.1 kW. Unlike typical DC-DC converters, the UPQC-DC
does not need an output capacitor filter since it already has a DC link capacitor.

3.5 Modeling and Simulation of UPQC

The process of modelling and simulating a Unified Power Quality Conditioner (UPQC)
in MATLAB/Simulink systematically includes representing its fundamental compo-
nents, control algorithms, and interactions to evaluate its effectiveness in addressing
power quality problems. Each component of the system, such as the voltage source,
nonlinear load, series APF, and shunt APF is modeled separately. The control al-
gorithms guiding the both APFs are built to provide accurate correction for voltage
and current distortions. The model incorporates power electronics components, in-
cluding Voltage Source Converters (VSC) for the series APF and Current Source
Inverters (CSI) for the shunt APF. The simulation model settings, such as the time
period and the solver types, are configured in order to create an environment that
closely resembles reality. The components of the UPQC are coupled to create a uni-
fied system, and a simulation is conducted to examine its behaviour under various
operating conditions. An analysis of the UPQC’s performance measures, such as
power factor correction, compensation reaction time and waveforms analysis is con-
ducted using simulation. In addition, response analysis is performed by altering key
parameters (such as load and voltage) to withstand the system’s resilience and flexi-
bility. Engineers may use this technique to thoroughly evaluate the behaviour of the
UPQC, optimise its design, and verify its efficiency prior to real-world implementa-
tion, guaranteeing dependable enhancement of power quality.

3.5.1 Modeling of UPQC-DG in MATLAB/Simulink

A detailed MATLAB model of a UPQC is created using the SimPowerSystems block
set in the simulink library, as seen in Fig. 3.2. The UPQC model is created to tackle
power quality problems in a three-phase power system. The model includes crucial
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Figure 3.2: MATLAB/Simulink model of UPQC

elements such as a 3-phase programmable voltage source to represent the power grid,
a nonlinear load to resembles real-world situations, and the UPQC itself to demon-
strate its compensating powers. A programmable voltage source is used to generate
voltage disturbances like sag, swell, and harmonics at different time intervals. Three
kinds of loads, including two linear and one nonlinear loads, are included, as shown
in Fig. 3.3. The simulation time step is set at 10 µs.
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Figure 3.3: MATLAB Simulink model of three phase load

ˇThe various parameters of the UPQC simulink model are accurately designed
with the techniques outlined in section 3.2. The specified parameters are shown in the
Table 3.4. A three-phase power system is supplying a load of 40 kVA using a com-
bination of linear and non-linear loads. The system operates at an AC line voltage of
415 V (rms) and 50 Hz, with a power factor of 0.554 lagging. The UPQC consists
of a Distribution Static Synchronous Compensator (DSTATCOM) and a Dynamic
Voltage Restorer (DVR) using two VSCs sharing a DC bus capacitor of 5500 µF . Its
purpose is to correct the power factor of the load to unity at the main AC supply and
to mitigate voltage fluctuations to prevent disruptions to the load. The source resis-
tance is 0.5 Ω and the source inductance is 0.25 mH. The DSTATCOM has a rating
of 40 kVA, whereas the DVR has a rating of 12 kVA. The simulink library has a
linear transformer model with suitable losses, which is used for simulating the series
injection transformer of the DVR. nT represents the turn ratio and ST represents the
kVA rating of each series injection transformer. LSh and LSr are inductors used for
AC interfacing to link the output of series and shunt APF to the grid lines.

The UPQC block is precisely set up with detailed control settings, reference volt-
ages, and gains to replicate its dynamic behaviour in reducing common power quality
issues such as voltage sags, swells, and harmonics. The simulation uses the simulink
framework to model the dynamic interactions between components, offering a com-
plete understanding of the UPQC’s performance.
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Table 3.4: Parameters of UPQC-DG

3 Phase supply 415 V, 50 Hz, RS = .05 Ω, LS = 0.25 mH
DC link VDC = 700 V, CDC = 5500 µF

Shunt APF 40 kVA, LSh = 1.75 mH
Series APF 12 kVA, LSr = 7 mH, nT = 1, ST = 12 kVA

Series transformer 10 kVA (each phase), nT = 1 (240/240 V)
Load-1 Thyristor bridge rectifier ( R = 15.69 Ω )
Load-2 3-phase R-L load (10 kW, 0.554 p.f. lagging)
Load-3 3-phase R-L load (10 kW, 0.554 p.f. lagging)

3.5.2 Control of UPQC

The primary objective of active power filter is to significantly enhance the power
quality of an electrical system. This is achieved by using a modern control approach
that addresses every aspect of the electrical distribution network. The main objec-
tive of the shunt APF is to mitigate harmonic distortion, a common issue resulting
from non-linear loads in the power system. It eliminates unwanted distortions by
injecting controlled currents with equal and opposite harmonics, hence minimizing
negative effects on equipment and network performance. Another crucial objective
is to provide compensation for reactive power. The shunt APF adjusts the power fac-
tor dynamically to enhance system efficiency by decreasing reactive power use. In
this way, the distribution grid becomes more efficient and energy is conserved as a
consequence which leads to voltage stabilization. Controlling reactive power injec-
tion is essential for ensuring the reliability and longevity of electrical equipment by
maintaining constant voltage levels.

The Synchronous Reference Frame (SRF) (Fig. 3.4) approach is used to con-
trol shunt APF. The SRF [8] approach includes converting the variables of a three-
phase system, such as voltages and currents, from the time domain to a rotating
synchronous reference frame. Referring to the control block diagram in Fig. 3.4
feedback signals for the shunt APF are obtained by sensing the load current (Iload)
and DC voltage (VDC). The load currents signals from three phases are transformed
into dq0 using the Parks transformation (Eq. 3.14). This transformation transforma-
tion rotates the three-phase signals from the abc reference frame (where a, b, and c
represent the three-phase voltages or currents) to the d− q reference frame (where
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d represents the direct-axis component and q represents the quadrature-axis compo-
nent), making further control signals easier to handle. The d-axis in the SRF indi-
cates is the fundamental component of load current, whereas the q-axis is reactive
power, respectively. The terms sin(ωt) & cos(ωt) are the rotational components that
map three-phase quantities into a rotating reference frame aligned with the rotating
magnetic field in an AC system. These terms, along with other coefficients in the
transformation matrix, are derived based on the frequency of the system and repre-
sent the synchronous rotating frame’s angular velocity, (ω). The system frequency
( f ) of the AC signal is used to determine the angular frequency (ω), where ω = 2π f .
This angular frequency reflects the rate at which the reference frame rotates with re-
spect to the stationary three-phase system. Whereas, sin(ωt) & cos(ωt) are functions
of the angular velocity and time, representing the rotation angle at time t. These
terms are essentially phase-shifted sinusoidal signals synchronized to the grid’s fre-
quency, where the angle (ωt) defines the position of the rotating reference frame. In
the Park transformation matrix, these trigonometric terms are arranged based on the
desired projection of the three-phase a,b,c components onto the rotating d,q frame.
The matrix coefficients sin(ωt− 2π

3 ), cos(ωt− 2π

3 ),etc, correspond to the phase shifts
for each of the three-phase components, aligning them with the d and q axes.

A three-phase Phase-Locked Loop (PLL) is used to synchronise these signals
with the source voltage (Vs) signals. The direct axis current is filtered using a low-
pass filter to isolate the DC component of the Id . PI controllers adjust the DC voltage,
and the resulting error signal is combined with the reference d-axis current. The
q axis signal assumed to be (-)1 and zero axis assumed to be zero to obtain the
source reference current indirectly using the inverse park transformation method.
The later signal is subtracted from the measured load current to get the shunt APF
reference current. This signal is compared with the actual shunt APF current in the
hysteresis controller block to generate necessary compensating currents to inject into
the system. iLd

iLq

iL0

=
2
3

sinωt sin(ωt− 2π

3 ) sin(ωt + 2π

3 )

cosωt cos(ωt− 2π

3 ) cos(ωt + 2π

3 )

1/2 1/2 1/2


iLa

iLb

iLc

 (3.14)

Applying vector-based control techniques (Unit Vector Template Generation) in
DVRs [9] requires a structured method to address source voltage disturbances in
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Figure 3.4: Control of shunt APF

power systems. As shown in the Fig. 3.5 voltage sensors initially monitor the sys-
tem’s disturbed voltage. Afterward, a reference vector (Eq. 3.15) is created using
the actual voltage signal with the help of 3 phase PLL, which signifies the perfect
voltage that the DVR aims to introduce into the system. Any phase shift in the input
signal, due to noise, harmonics, or grid instability, will cause an incorrect estimation
of sin(ωt) and other values. This misalignment impacts the synchronization, leading
to errors in active and reactive power control or in applications like power factor cor-
rection. Harmonic distortions in the AC waveform, often from nonlinear loads, can
lead to inaccuracies in extracting the fundamental frequency. If these distortions are
not effectively filtered, the UVTG may generate unit vectors that are not pure sinu-
soids, leading to control errors. So, the desired (reference) magnitude of load voltage
is multiplied to these vectors to get reference load voltage signals. The control pro-
cess involves calculating the error, which comes from the difference between the
measured (disturbed) voltage vector (actual load Voltage) and the reference voltage
vector. The resultant signal is fed to voltage PWM controller of series APF is get the
desired pulse signal. Generating the compensating voltage signal is essential to de-
termine the necessary corrective action for voltage restoration. When working with
a DVR, the compensating voltage vector guides the inverters output which managed
by pulse width modulation (PWM). Adjusting the pulse width in the inverter output
simulates the necessary compensatory voltage, which helps in restoring the system
voltage to its intended level.Ua

Ub

Uc

=

 sinωt

sin(ωt−2π/3)
sin(ωt +2π/3)

 (3.15)

Firstly, it promotes the maximum use of renewable energy by harnessing solar
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Figure 3.5: Control of series APF

power and transforming it into active power. The DC-DC boost converter is neces-
sary to raise the voltage level of the generated active power to align it with the DC
link voltage of the UPQC-DG system. This facilitates seamless integration into the
distribution network. Furthermore, the MPPT controller ensures that the solar panel
operates at its maximum power point, optimizing its power generation independent
of variations in external parameters such as irradiation change and temperature. By
constantly adjusting the system, the effectiveness of harnessing solar energy is max-
imized, leading to enhanced renewable energy system performance.

In addition, the UPQC-DG system can also offer support for reactive power to the
grid (Chapter 9), in addition to generating active power, which improves grid stability
and voltage regulation. Functionally, the solar panel harnesses the power of sunlight
to generate DC current, which is then efficiently managed by the MPPT controller to
maximise power output. The DC-DC boost converter increases the DC power volt-
age to match the DC link voltage of the UPQC-DG system. This integrated system
efficiently integrates solar-generated power into the distribution network, offering
active and reactive power support as needed.

3.5.3 UPQC Performance Analysis: Findings and Discussion

The developed model in MATALB/Simulink is used to simulate the performance of
a three-phase, three-wire UPQC in different conditions, such as steady state, voltage
sag, and voltage swell.

The graph in Fig. 3.6 depicting load voltage (Vload) demonstrates the ability of
the UPQC to control and stabilise the voltage at the load terminals. When the load
voltage remains stable, it shows that the UPQC is effectively compensating for dis-
turbances. The waveform of source current (Is) is sinusoidal and in phase with the
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Figure 3.6: MATLAB Simulation results for steady state

source voltage (Vs) which illustrates the impact of the shunt APF compensation. The
shunt APF improves the source current profile by compensating for reactive power
and harmonics. Under stable operating circumstances, the series APF (Vsr) does not
introduce any voltage injection. The DC connection voltage stays constant at the
specified value of 700 V.

During voltage sag occurrence, the UPQC plays a crucial role in reducing nega-
tive impacts of voltage disturbance on the electrical system. The source voltage (Vs)
waveform ( in Fig. 3.7) experiences a sag with a decrease in amplitude (30%), leading
to a quick reaction series APF (Vsr). The voltage compensator ensures stability and
minimizes interruptions by promptly injecting active power to stabilize and regulate
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Figure 3.7: MATLAB Simulation results during voltage sag

the power supply in response to voltage sags as seen in waveform of load voltage
(Vload). At the same time, the source current (Is) waveform shows rise in amplitude
and harmonics. The shunt APF in the UPQC injects compensatory current (Ish) to
improve power factor, minimize harmonics, and stabilize source current, therefore
enhancing power quality. Voltage sags may cause undershoot in the DC link voltage
(VDC) of the UPQC, which might impact its stability. The UPQC utilizes control
techniques (PI control) to reduce undershoot, maintaining steady DC link voltage
and enabling continuous effective compensation.

Similarly UPQC is able react to a swell (Fig. 3.8) occurrence by detecting the
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Figure 3.8: MATLAB Simulation results for voltage swell

disturbance and injecting compensatory voltages into the system (see waveform of
Vsr). This phenomenon arises when the system experiences a temporary increase in
the magnitude of the voltage (Vs). Voltage surges may alter source current wave-
forms, causing reactive power oscillations and reduction in amplitude. In reaction,
shunt APF component injects compensatory current (Ish) in order to reduce power
factor distortions and to keep the source current (Is) constant and sinusoidal. During
voltage swell occurrences, the series APF operates to mitigate the excessive voltage.
It injects a compensating voltage that is equal in magnitude but opposite in phase
to the excess voltage caused by the swell which maintain the constant load voltage
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Figure 3.9: MATLAB Simulation results during change in load

(Vload). This voltage injection effectively eliminates the swell, ensuring that the load
voltage remains at its designated value. This stability is important for the protection
of sensitive equipment and the overall reliability of the power system.

During changes in load within the electrical distribution system, the shunt APF
adapt the load fluctauation by modifying its compensator current (Ish). In situations
with increased load demand (as shown in Fig. 3.9), the shunt APF introduces com-
pensatory currents (Ish) to mitigate voltage dips and maintain voltage levels within ac-
ceptable thresholds. On the other hand, in the process of load reduction, it effectively
absorbs surplus reactive power in order to maintain voltage levels and guarantee the
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Figure 3.10: MATLAB Simulation results during change in solar irradiation

stability of the system. In the same way, the series APF adjusts its voltage injec-
tion in real-time to maintain the appropriate voltage profile at the PCC throughout
variations in the load. During moments of increased load (as shown in Fig 3.9), the
series APF introduces voltage (Vsr) to offset any decreases, ensuring reliable power
supply to the load. In contrast, as the load decreases, the system modifies the voltage
injection in order to mitigate voltage increases, so ensuring the maintenance of stable
voltage levels.

During a transition in solar irradiation from 1000 W/m2 to 600 W/m2 (Fig. 3.10),
the UPQC-DG experience changes to adapt to the new conditions. Initially, the
source current (Is) supplied by the source increases proportionately to the reduced
irradiation, reflecting the decrease in solar power generation. The shunt APF current
Ish in the UPQC-DG system adjusts its operation to accommodate changes in load
conditions, which may require making giving more reactive power support and re-
duce load current harmonics. At the same time, the voltage waveform of the DC link
(VDC) may experience fluctuations due to variations in solar irradiation. This requires
the implementation of PI control mechanisms to maintain it within acceptable limits.
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In general, the UPQC-DG system adjusts its operation to maintain optimal perfor-
mance. It uses the controller (UVTG+SRF) to address issues such as reactive power
compensation, voltage regulation, and harmonic mitigation. This helps to minimize
the impact of solar irradiation fluctuations on power quality in the smart distribution
network.

3.6 Summary

The simulation modeling and performance evaluation of the Unified Power Quality
Conditioner (UPQC) illustrate its robust and effective capability to enhance power
quality in various scenarios. The design of UPQC mainly concentrates on the se-
lection of circuit characteristics and its reaction to voltage sag and voltage swell
situations is analyzed using a detailed MATLAB/Simulink model with the SimPow-
erSystems block set. Both steady-state and transient performance simulations are
conducted which shows the system’s rapid and precise reaction while under vari-
ous operating conditions. The controlled waveforms of source voltage (Vs), source
current (Is), and load voltage (Vload) demonstrated the compensating effects of the
shunt and series APFs. The shunt APF effectively reduced current harmonics, re-
sulting in a steady and sinusoidal load current waveform (Iload). The series APF
effectively injected compensatory voltage (Vsr) i.e active power to compensate sag-
induced variations, delivering a continuous and consistent power supply. The UPQC
injected compensating voltages to properly control the load voltage and prevent it
from exceeding permissible limits. The shunt APF effectively reduced power factor
in the source current, resulting in a smooth and sinusoidal waveform. The control
techniques used by the UPQC reduced overshoot and undershoot in the DC link volt-
age, assuring steady operation. The UPQC frequently shown rapid response, exact
compensations, and overall improvement in power quality measures, proving to be a
helpful in mitigating power quality.
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Chapter 4

Real-time PI controller tuning of the UPQC-
DG using PSO

4.1 Preamble

Power quality has become a critical concern in modern electrical systems due to
the increasing complexity and sensitivity of electronic devices and industrial equip-
ment [1–3]. Disturbances such as voltage sags, swells, and harmonic distortions can
severely impact the performance and reliability of these systems. The Unified Power
Quality Conditioner (UPQC) [4–6] is a versatile device designed to address these
issues by compensating for both voltage and current disturbances. By addressing
these issues, industries can ensure that their electrical systems operate more effi-
ciently, reduce energy waste, and extend the lifespan of their equipment. It combines
the functionalities of a series compensator, which mitigates voltage-related prob-
lems, and a shunt compensator, which addresses current-related issues. Ensuring
high power quality is imperative in modern electrical systems, especially with the in-
creasing penetration of renewable energy sources such as photovoltaic (PV) systems
and distributed generation (DG).

The integration of DG sources allows the UPQC to also contribute to power gen-
eration, improving overall system reliability and efficiency. In UPQC-DG systems,
the DG sources are typically connected to the DC link of the VSIs used in the se-
ries and shunt APFs [7–9]. This allows seamless integration of the generated power
into the compensating process, enhancing the overall performance of the UPQC sys-
tem. DG sources provide additional power during supply interruptions or peak de-
mand periods. Local generation reduces transmission losses and improves overall
system efficiency. So, the integration of DG sources further enhances the system’s
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capabilities, making UPQC-DG a comprehensive solution for modern power quality
management.

The effectiveness of a UPQC largely depends on the performance of its control
system, particularly the Proportional-Integral (PI) controllers that regulate its opera-
tion. By maintaining a stable DC link voltage [10, 11], PI controllers help mitigate
voltage sags, swells, and harmonics, ensuring consistent power quality output. Their
real-time control capabilities enable the system to quickly react to power quality dis-
turbances, minimizing their impact on the electrical network. They are relatively
inexpensive to implement and maintain compared to advanced control strategies,
making them a cost-effective solution for power quality management. The simplic-
ity of PI controllers reduces overall system complexity, leading to lower design and
operational costs. In terms of system reliability and safety, PI controllers offer pre-
dictable and stable control behaviour, enhancing the reliability of the UPQC-DG
system. PI controllers are favoured for their simplicity and effectiveness in providing
stable and robust control [12]. However, the tuning of PI controller parameters is a
crucial task that significantly influences the UPQC’s ability to mitigate power quality
disturbances.

Traditional methods of tuning PI controllers, such as Ziegler-Nichols [13] or trial-
and-error, often fall short in dynamic and nonlinear environments, leading to subop-
timal performance. One of the main issues with the ZN method is its tendency to
produce relatively high value for PI parameter settings which is generally aggressive
in nature. This aggressiveness can cause the control system to react strongly to de-
viations from the set-point, leading to large oscillations before the system eventually
settles. While this might provide a fast response, it can also result in overshoot and
additional stress on the system components due to high correction measures. Ad-
ditionally, the ZN method fails to consider system stability margins or the specific
dynamics of the controlled system. This leads to sustained oscillations or even insta-
bility, especially in systems with non-linear characteristics or significant delays in the
feedback loop. Traditional PI tuning methods often rely on mathematical modelling
of the system, which can be complex and may not accurately capture the dynamic
behaviour of the system under real operating conditions. Additionally, these methods
frequently require relaxing the output limits of the PI controllers during the online
tuning process, which can pose safety risks to the hardware.
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In recent years, optimization techniques have emerged as powerful tools for tun-
ing control parameters in complex systems. Among these, Particle Swarm Optimiza-
tion (PSO) has gained popularity due to its simplicity, ease of implementation, and
ability to find optimal solutions in high-dimensional spaces. PSO is inspired by the
social behavior of birds flocking or fish schooling, where individuals, referred to
as particles, iteratively adjust their positions based on their own experience and the
experience of neighboring particles to find the best solution.

PI controllers are also compatible with optimization techniques [14–19]. They
can be effectively tuned using optimization methods like PSO [20–22], enhancing
their performance without the need for complex mathematical modelling. This in-
tegration allows for fine-tuning of the PI controller parameters to achieve optimal
performance, improving the overall efficacy of the UPQC-DG system in managing
power quality. Furthermore, PI controllers facilitate the seamless integration of re-
newable energy sources such as PV systems with the UPQC-DG, ensuring a stable
and reliable power supply. By maintaining power quality, PI controllers support the
grid in accommodating distributed generation sources, contributing to a more re-
silient and sustainable power system.

The offline PI tuning involves adjusting the controller parameters using pre-
recorded data or simulation models before the controller is deployed in the actual
system. This method typically relies on historical data or system models to determine
the optimal PI parameters, as shown in Fig. 4.1a. When using the ZN method, the
tuning process involves setting the PID parameters based on the system’s response
to a step input and using the ultimate gain and ultimate period obtained from the
system’s response to sustained oscillations. Basically, only a single disturbance us-
ing step is considered for tuning the ZN method. Considering multiple disturbances
will disturb the response received from step-change, thus making this approach im-
possible. However, because this method does not consider the model complexities,
non-linearities and damping required to avoid oscillations, the resulting PI parame-
ters can lead to an oscillatory response under certain operating conditions.

Online PI tuning is simpler and can be performed without disrupting the opera-
tional system, but it has the drawback of not accounting for real-time variations and
dynamic changes in the system. As a result, the tuned parameters might not be op-
timal under all operating conditions, leading to suboptimal performance when the
system is subjected to unforeseen disturbances or changes in load conditions.
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(a)

(b)

Figure 4.1: Approaches for tuning the proportional-integral (PI) controller (a) Traditional
ZN method (b) Proposed tuning method.

Therefore, to address these challenges, this paper proposes an innovative PSO-
based online PI tuning method for UPQC-DG systems. This method eliminates the
need for mathematical modelling and continuously monitors the system’s perfor-
mance, and dynamically adjusts the PI parameters to adapt to changing conditions
(see Fig. 4.1b). A basic version of the suggested PI tweaking was introduced in [23]
with PV integrated shunt active power filter, and it is much improved with real-time
implementation and details in this article with PV-integrated UPQC-DG. The pro-
posed tuning method is more responsive and can handle variations in the system
more effectively, ensuring that the controller maintains optimal performance even
under fluctuating conditions. This approach can significantly enhance the system’s
robustness and stability, as it continuously fine-tunes the controller parameters based
on real-time feedback.

The effectiveness of the proposed PI tuning method has been validated through
real-time simulations of a PV-integrated UPQC-DG. The results demonstrate supe-
rior performance in regulating the DC link voltage of the integrated converter system
across various operating conditions. This validation highlights the potential of the
proposed method to enhance the robustness and efficiency of UPQC-DG systems in
real-world applications.

The main contributions of this chapter include:

• The development of a novel online PSO-based PI tuning method that can be
implemented in real-time without the need for mathematical modelling.

• Ensuring hardware safety by tuning the PI controller without relaxing its inte-
gral output limits.
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Figure 4.2: Power Circuit Diagram of UPQC-DG.

• Validation of the proposed method through real-time simulation of a PV-integrated
UPQC-DG system.

• Demonstrating superior performance in regulating the DC link voltage under
diverse operating conditions.

The chapter is organised into five distinct sections. In Section 4.2, the UPQC’s
structure and configuration are described, including the parameter design idea and
controller technique for the shunt APF and series APF, following the introduction
in Section 4.1. Section 4.3 provides a detailed discussion of PSO, including its
enhanced versions and the method for implementing it in the UPQC model. Sec-
tions 4.4 and 4.5 include the experimental findings and conclusions, respectively.

4.2 Physical Configuration of UPQC-DG

UPQC-DG is an advanced power electronic device designed to enhance power qual-
ity in electrical systems (Fig. 4.2). It integrates the functionalities of a UPQC with the
capabilities of Distributed Generation (DG) units, such as photovoltaic (PV) systems,
wind turbines, or other renewable energy sources. The UPQC-DG system typically
consists of two main components: a series compensator (Series Active Power Filter)
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and a shunt compensator (Shunt Active Power Filter) connected to the distribution
system. Additionally, the system includes the DG unit, typically integrated with the
shunt compensator. The series compensator is connected in series with the distribu-
tion feeder. It consists of a voltage source inverter (VSI), a coupling transformer, and
associated control circuits. The shunt compensator is connected in parallel with the
load. It includes a VSI, a filter inductor or transformer, and control circuits.

The SPR-305E-WHT-D PV module has been selected for the PV array. Ten PV
modules are connected in series to form a string, and five such strings are connected
in parallel to develop a complete PV array of 15.3 kW with an output voltage of 547
V under standard irradiation and temperature conditions. The PV unit is connected
to the DC link of the shunt compensator via the DC-DC boost converter to provide
38.25% of power to the total load (40 kW). With MPPT control, the boost converter
effectively harnesses the maximum power from the PV source by raising the voltage
at the PV terminal to match the DC-link voltage of 700 V. This allows the PV unit to
supply power directly to the load or to the grid while also contributing to the DC link
voltage regulation and overall power quality. The DC link voltage directly impacts
the capability of the shunt APF to inject or absorb reactive power. PV active power
& load reactive power demands together decide the kVA rating of the shunt inverter
and the maximum current it feeds.

The UPQC-DG system is typically installed at strategic points in the distribution
network, such as at the point of common coupling (PCC) between the utility and the
consumer, to maximize its effectiveness in improving power quality and integrating
distributed generation sources.

4.2.1 Series APF control

Figure 4.3: Series APF control.
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The series active power filter (APF) in a UPQC-DG system is responsible for
compensating voltage disturbances such as sags, swells, and harmonics [24]. The
control strategy for the series APF often employs Unit Vector Template Generation
(UVTG) to achieve accurate and effective voltage compensation. The series APF
operates by generating a compensating voltage that is injected in series with the
line voltage to ensure that the voltage supplied to the load remains stable and free
from distortions. However, as a result of using the PAC approach [25], the series
compensator provides a portion of reactive power by introducing voltage at a certain
angle. Therefore, the responsibility of managing reactive power is divided between
the two APFs. Equation (4.1) is used to determine the maximum power angle (δM),
which ensures that the reactive power is shared in proportion to the VA rating of
the converter. It represents the upper limit of the power angle that a system can
handle safely. This estimation considers both the voltage and VA limits of the series
converter. It includes the magnitude of the source voltage (VS), the rated load voltage
(VL,rated), and the rated series APF voltage (VSr,rated).

δM = cos−1

1+
(

VS
VL,rated

)2
−
(

VSr,rated
VL,rated

)2

2
(

VS
VL,rated

)
 (4.1)

The desired power angle (δD) is the estimation of reactive power shared by series
APF at which the system achieves the best power quality improvement, which is
dependent on the magnitude of load reactive power (QL), load active power (PL), and
PV power (PPV ). Meanwhile, the λ is the ratio of series APF rating to the total sum
of series and shunt APF rating as shown in Eq. (4.2).

δD = sin−1
(

λQL

PL−PPV

)
(4.2)

The determination of the actual value of power angle, denoted by δ , is achieved
by taking into account the minimum of δD and δM. This way, the system achieves
balanced reactive power sharing within voltage and VA rating constraints. Figure 4.3
displays the complete series APF control block. The method is referred to as Unit
Vector Template Generation [26]. For the purpose of generating a three-unit vector
signal, the voltage source signal is processed using a three-phase phase-locked loop
(PLL), and the extracted ωt is then added to the actual power angle (δ ). As illustrated
in the control figure, the basic signal is multiplied by the peak voltage signal (V ∗L,peak),
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and then the resultant signal is subtracted from the load voltage signal (VL). This
process is repeated in order to provide the needed switching pulse generated by PWM
controller.

4.2.2 Shunt APF control integrated with PV array

The shunt APF in a UPQC-DG is responsible for mitigating current-related issues
such as harmonics, reactive power compensation, and load balancing. A sophis-
ticated control strategy for the shunt APF involves using Synchronous Reference
Frame - Power Angle Control (SRF-PAC) [25], which is especially effective in sce-
narios where photovoltaic (PV) generation is integrated into the DC link. This inte-
gration allows for the effective utilization of renewable energy sources while main-
taining power quality.

From Fig. 4.4, the load currents (ILa, ILb, ILc) are transformed from the three-
phase stationary frame (a-b-c) to the synchronous reference frame (d-q-0) using the
Park transformation (in Eq. 5.3). To ensure that the transformation is in sync with the
load voltage ramp signal, which is derived by combining the output of the three-phase
phase-locked loop (PLL) with the power angle, the equation αt = ωt + δ is used.
This transformation aligns the reference frame with the rotating reference frame of
the fundamental frequency component.ILd

ILq

ILo

=
2
3

sinαt sin(αt− 2π

3 ) sin(αt + 2π

3 )

cosθ cos(αt− 2π

3 ) cos(αt− 2π

3 )
1
2

1
2

1
2


ILa

ILb

ILc

 (4.3)

The power angle (δ ) is calculated based on the active and reactive power compo-
nents, as described in the previous subsection. The reference currents in the d-q frame
(ILd & ILq) are generated to achieve the desired compensation. Typically, ILd is set to
the average value of the fundamental active current to maintain the active power, and
ILq is set to zero to achieve unity power factor operation. The DC link voltage (VDC)
is compared to the reference DC link voltage (V ∗DC), and the resulting error (EDC) is
analysed by a PI controller to provide the desired DC link current (IDC). The average
value of ILd is added to IDC and subtracted from Ipv to create the reference d-axis
current in the synchronous frame. The reference currents in the d-q frame are trans-
formed back to the a-b-c frame using the inverse Park transformation to generate the
compensating current references (I∗sa, I

∗
sb, I
∗
sc). In order to generate the reference shunt
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APF current (I∗sha, I
∗
shb, I

∗
shc), the actual load current signal (ILa, ILb, ILc) is subtracted

from the reference source current. A comparison is made between the acquired sig-
nal and the measured shunt APF current (ISha, IShb, IShc) in the hysteresis controller,
which results in the required switching gate signal.

Figure 4.4: Shunt APF control.

The PV system is integrated into the DC link of the shunt APF. The generated PV
power is fed into the DC link, stabilizing the DC voltage and providing the necessary
energy for the APF operation. The PV system is connected to the DC link of the
shunt APF through a boost converter, which is controlled by the Maximum Power
Point Tracking (MPPT) technique using the Incremental Conductance method. The
Incremental Conductance method tracks the MPP by comparing the incremental con-
ductance (∆I/∆V ) to the instantaneous conductance (I/V ). The key principle is that
at the MPP, the derivative of power with respect to voltage is zero:

δD =
dI
dV

=− I
V

(4.4)

The MPPT controller adjusts the duty cycle of the boost converter to drive the PV
array to the MPP. This integration not only enhances the power quality but also max-
imizes the use of renewable energy, contributing to a more sustainable and efficient
power system.
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Table 4.1: Comparsion of different optimization algorithms

Optimization
Technique

Convergence
Speed

Computational
Complexity

Ease of
Implementation

Parameter
Sensitivity

Global
Search Ability

Addressing
Nonlinear Constraints

Particle Swarm
Optimzation Fast Low Simple Low High Good

Genetice
Algorithms Moderate High Moderate High High Good

Simulated
Annealing Slow Moderate Simple Moderate Moderate Poor

Ant colony
Optimization Moderate High Complex High High Moderate

Differential
Evolution Moderate Moderate Simple Moderate High Good

Artificial Bee
Colony Moderate High Complex High High Moderate

4.3 Methodologies Involved in PSO-Based PI controller
Tuning

Particle Swarm Optimisation (PSO) is an optimisation approach that is based on the
collective behaviour of birds flocking or fish schooling [27]. PSO is well-known for
its simple implementation, low computing cost, and fast convergence speed. When
compared to other metaheuristic-based optimization approaches, which require more
complex operations such as crossover and mutation [28, 29]. PSO involves straight-
forward mathematical operations with fewer parameters to adjust [30]. Its robustness
and flexibility make it well-suited for dynamic environments for solving non-linear
and non-continuous optimization problems where system parameters vary over time.
As a result, various PSO-based algorithms have been developed to enhance control
performances [31–34]. As shown in Table 4.1, the characteristics of PSO makes a ro-
bust and reliable choice for a wide range of optimization problems, surpassing other
metaheuristic approaches in real-world scenarios [35, 36].

PSO optimises a problem by repeatedly enhancing a candidate solution based on
a specified measure of quality. The algorithm employs a group of potential solutions
known as particles, which navigate across the search space based on simple math-
ematical equations involving the particle’s location and velocity. The movement of
each particle is controlled by its own best-known position and is also directed to-
wards the best-known places in the search space. These positions are updated when
other particles find better positions. This method is iterated until an acceptable result
is achieved. The first step is to initialize particles with the value of parameters ob-
tained from the ZN method with random positions and velocities in a search space.
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Each particle represents a potential solution to the optimization problem, which is a
pair of kp and ki values. The velocity update Eq. (4.5) improves the velocities of the
particles, leading them towards more optimal solutions. The fitness of each particle
is evaluated using a predefined objective function. This function measures the quality
of the solution represented by the particle. Each particle keeps track of its own best
position (pBest) and the best position found by the entire swarm (gBest). The velocity
and position of each particle are updated using the following equation:

V t+1
i = w∗V t

i + c1r1 ∗ (pbest,i−X t
i )+ c2r2 ∗ (gbest,i−X t

i ) (4.5)

X t+1
i = X i

t +V t+1
i (4.6)

where:

• V t
i is the velocity of particle i (kp or ki) at the time t.

• X t
i is the position of particle i at the time t.

• ω is the inertia weight.

• c1 and c2 are cognitive and social acceleration coefficients.

• r1 and r2 are random numbers between 0 and 1.

The new position update (Eq. 4.6) subsequently adjusts the current location of each
particle according to its updated velocity, which represents the updated values of kp

and ki for each particle.
In an online tuning, the real-time performance of the UPQC system is evaluated

for each set of PI parameters. This involves running the UPQC system with the cur-
rent PI parameters and measuring the resulting performance based on the objective
function. Consequently, the Integral Time Absolute Error (ITAE) performance index
provided in Eq. (4.7) is used as the objective function for the PSO-based PI tuning.

ITAE =
∫

∞

0
t|e(t)|dt (4.7)

In the above equation, t represents time and e(t) is an error signal which represents
a difference between the desired DC voltage and the actual DC voltage. ITAE is
a performance index calculated for each particle’s fitness (Kp & Ki). In order to
achieve this goal, the simulation of UPQC-DG is carried out for a certain set of
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Table 4.2: System Parameters

Source Voltage, Frequency
Impedance

415V, 50Hz
Rs = 0.05 Ω, Ls= 0.25mH

DC-link Capacitor
DC-Link Voltage

CDC = 5500µF
700V

Shunt APF Interfacing Inductor
Ripple Filter

2mH/ph
R = 5Ω/ph, C = 50µF /ph

Series APF
Interfacing Inductor
Ripple Filter
Injection Transformer

2mH/ph
R = 5Ω/ph, C = 100µF /ph
10 kVA

Load 1 Rectifier Load 20 kW (15.69Ω,0.1mH)
Load 2 3-ph R-L load 10 kW, 0.554 p.f. lagging
Load 3 3-ph R-L load 10 kW, 0.554 p.f. lagging

PV array Maximum Power
Voltage at MPP

PMPP = 15.3 kW
VMPP = 547 V

operational parameters. The personal best (pBest) for each particle and the global best
(gBest) are continuously updated among all particles based on real-time performance
evaluations. The velocities and positions of the particles are updated using the PSO
equations to explore the search space for better PI parameters by minimizing the
objective function. The process iterates, continuously refining the PI parameters
until the performance of the DC link voltage stabilizes and the particles converge to
optimal values.

The online PSO-based PI tuning methodology enables the UPQC-DG system to
adapt dynamically to varying operating conditions, ensuring optimal power quality
improvement and efficient integration of distributed generation resources.

4.4 Real-time Implementation & Result Validation

The real-time application of the proposed online PSO-based PI tuning method on
a UPQC-DG system involves implementing and validating the method in FPGA-
based Opal-RT. A three-phase, three-wire configuration of UPQC is used for the
implementation. The system parameters taken are shown in the Table 4.2. Regarding
load considerations, a 40 kW load includes three different types of load, specifically
one non-linear load and two linear loads.
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Figure 4.5: Proposed control block diagram of PSO-based PI tuner

Figure 4.6: Chronology of disturbance introduced in the real-time simulation

4.4.1 Implementation in Real Time

In the online PSO-PI tuning, the system controller collects the data and dynamically
adjusts the PI parameters based on the dynamic scenarios in real-time, as shown in
Fig. 4.5. These scenarios are introduced based on the counter pulse and consist of
multiple disturbances introduced to the system at certain intervals of time, as shown
in Fig. 4.6. These disturbances are essential for assessing the dynamic response
and robustness of the PI controller parameters in real-time. The system initially
encounters a 30% voltage swell in the source voltage at t = 0. Subsequently, a step
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Figure 4.7: Sample waveform during the tuning of PI controller using online PSO tuner.

change in the DC voltage from 700V to 750V and a 20% voltage sag occur at t =

1s. The third disturbance involves a load change at t = 1.5, during which Load 2
is removed. Following this, the PSO tuner introduces an irradiation change from
1000Wm2 to 600Wm2 at t = 2s, followed by another step change in the DC voltage
from 750V to 700V at t = 2.5s. Finally, the system remains in a steady state after the
counter pulse reaches zero, from t = 2.6s to t = 5s. The PSO controller computes
ITAE at the end of each pulse counter and adjusts kp and ki parameters based on
the system’s performance in response to the disturbances. Based on this evaluation,
the tuner modifies the local and global best placements of the particles. The primary
objective of the tuning process is to minimize ITAE, which serves as the performance
criterion. This objective function is particularly suitable for ensuring a quick and
smooth response to disturbances in the system.

As the system operates, real-time performance data of error is continuously gath-
ered and monitored in the host PC, as shown in the proposed control block Fig. 4.5.
This error is used to compute the ITAE, reflecting how well the system maintains
the DC link voltage under various conditions, including disturbances. The PSO al-
gorithm then evaluates the fitness of each particle by calculating the ITAE for the
corresponding PI parameters.

The updated PI parameters from the particle positions are applied to the UPQC-
DG system in real-time. This real-time application allows the system to dynamically
adjust to changing conditions, maintaining optimal control of the DC link voltage.
The process iterates, with the PSO algorithm continuously refining the PI parameters
based on ongoing performance evaluations. A sample waveform during the online
tuning of the PI parameters is shown in Fig. 4.7. The iterative adjustment in the DC
link voltage waveform ensures that the controller adapts effectively to disturbances,
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minimizing the ITAE and enhancing overall system stability.
Through this method, the UPQC-DG system benefits from a robust and adaptive

control mechanism that improves power quality by effectively managing the DC link
voltage. The use of ITAE as the objective function ensures that the system not only
responds swiftly to disturbances but also maintains long-term stability, reducing the
duration and impact of errors. This dynamic and real-time tuning process, facilitated
by the PSO algorithm, results in a significantly improved performance of the UPQC-
DG system, making it highly effective in maintaining power quality in the presence
of varying load conditions and disturbances.

4.4.2 Validation in Real-Time

The validation of the PSO-based online PI tuning method for the DC link of a UPQC-
DG was conducted using the OPAL-RT 4512 real-time simulator (Fig. 4.8). The
UPQC-DG model was simulated with a time step of 0.5 µs, ensuring high-fidelity
and accurate real-time simulation. PSO algorithm employed with a population of
9 particles and 2 variable, iterating over 30 iterations to optimize the PI controller
parameters dynamically. The performance of the PI controller was evaluated using
ITAE as the objective function. Figure 4.9 illustrates the online variation of kp, ki,
and ITAE with respect to iterations, considering the predefined set of disturbances
outlined in Fig. 4.6. The figure depicts the adaptation process, where the kp and ki

values initially adjust and then converge to steady states under these disturbances to
achieve optimal operation. The proposed adaptive control mechanism dynamically
updates the parameters kp and ki in real-time, ensuring the system maintains optimal
performance by automatically adjusting to changes such as load variations, irradia-
tion levels etc.

Figure 4.8: Setup for Real-Time Simulation.



Draft

Chapter 4. Real-time PI controller tuning of the UPQC-DG using PSO 65

Figure 4.9: Online variation of kp, ki, ITAE with respect to iterations (considering differ-
ent operating conditions)

Table 4.3: A comparison of real-time simulation outcomes of two approaches during

Method Controller gains ITAE (%) Peak Overshoot
Z-N kp=3.15, ki=350 4.82 190 V
PSO kp=2.376, ki=175 2.38 40 V

If the magnitudes or patterns of these disturbances change, the proposed adaptive
controller will update the kp and ki values accordingly to achieve optimal perfor-
mance in the new scenarios.

To benchmark the performance of the PSO-based online PI tuning method, a
comparison was made with the traditional Ziegler-Nichols (ZN) method, as shown
in Table 4.3. By identifying the ultimate gain (Ku = 7) and ultimate period (Pu =
10.8ms) through controlled oscillation and applying the ZN tuning rules provides PI
controller parameters of kp = 3.15 and ki = 350. In contrast, the PSO-based tuner
optimized the PI parameters to kp = 2.376 and ki = 175.

The ITAE values for both methods (in Table 4.3) demonstrate the superior per-
formance of the PSO-based approach. The ITAE for the ZN-tuned PI controller was
4.82%, whereas the PSO-based PI controller achieved a significantly lower ITAE of
2.38%. This reduction indicates that the PSO-based tuning method provides better
control over the DC link voltage, resulting in less sustained error over time. This
is clear from the DC link response of each pair of kp and ki from both approaches
shown in Figs. 4.10 & 4.11.
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(a)

(b)

Figure 4.10: Output waveforms of ZN-tuned UPQC-DG (a & b).

The higher ITAE value indicates that the system experienced a more sustained
error, reflected in the less smooth and more erratic voltage waveform (VDC) as illus-
trated in Fig. 4.10a. In contrast, the DC link voltage response tuned by the PSO-based
method showed significantly reduced oscillations and a faster settling time as shown
in Fig. 4.11a. The lower ITAE value corresponds to a more stable and smoother
voltage waveform, demonstrating the effectiveness of the PSO algorithm in dynam-
ically optimizing the PI parameters. Fig. 4.12 provides a comparison between the
DC response of both techniques, highlighting the disparity in peak overshoot and
the controller’s efficiency. The DC link voltage response tuned by the ZN method
exhibited larger oscillations and a longer settling time.

The waveform under the ZN method tuning exhibited a higher peak overshoot
(190V ) during the change of VDC,re f (Fig. 4.12). This large overshoot indicates that



Draft

Chapter 4. Real-time PI controller tuning of the UPQC-DG using PSO 67

(a)

(b)

Figure 4.11: Output waveforms of PSO-tuned UPQC-DG (a & b).

Figure 4.12: Comparison of the zoomed DC link response between ZN and PSO methods.

the ZN-tuned PI controller is less effective in maintaining a smooth and stable voltage
response, leading to a more pronounced and potentially damaging transient response.
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(a)

(b)

Figure 4.13: Zoomed waveforms of the ZN tuned UPQC-DG in steady state (a & b).

Similarly, during voltage sag, the DC link voltage experienced an undershoot of 50V ,
and during load change, it experienced a 10V undershoot. The higher ITAE for the
ZN method reflects these sustained oscillations and significant deviations.

Conversely, the DC link waveform under the PSO-based tuning demonstrated a
much smoother transition with a minimal overshoot of 40V . The minimized over-
shoot indicates a more controlled and stable response, reducing the risk of hardware
stress and enhancing the reliability of the UPQC-DG system. In the case of voltage
sag and load change, the DC link experienced an undershoot of 6V and 30V , re-
spectively, and settled to the desired voltage level more quickly, maintaining stability
even in the presence of disturbances. The reduced ITAE value confirmed the effec-
tiveness of the PSO approach in minimizing sustained errors and ensuring a robust
control response. For voltage swell and PV change, both tuning approaches showed
almost similar transient responses.
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(a)

(b)

Figure 4.14: Harmonic spectrum of source current and load voltage of ZN tuned UPQC-
DG in steady state (a & b).

The zoomed waveforms of the ZN-tuned UPQC-DG operating in a steady-state
condition are shown in Figs. 4.13a & 4.13b. The DC link voltage waveform (VDC)
of a system can still display residual oscillations. However, these oscillations are
less in amplitude compared to the initial transient response. The residual oscillations
occur due to the fixed PI values, which may not be optimally suited for consistently
maintaining a stable DC link voltage throughout all operating situations, resulting
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(a)

(b)

Figure 4.15: Zoomed waveforms of the PSO tuned UPQC-DG in steady state (a & b).

in less efficient suppression of oscillations. This causes the DC link voltage to ex-
hibit a higher ripple voltage of 0.6898%. Figures 4.14a and 4.14 show the harmonic
spectrum of the source current (10.30%) and load current (4.22%), respectively. The
higher harmonic value indicates less effective compensation of harmonic distortions.

Fig. 4.15a & 4.15b illustrates the zoomed waveforms of the PSO-tuned UPQC-
DG, operating in a steady-state condition. The source currents (Is) exhibit a sinu-
soidal pattern and remain in phase with the source voltage (Vs). This phase align-
ment is achieved because the shunt APF effectively compensates for the non-linear
and out-of-phase components of the load current. Additionally, the PV power con-
tributes in-phase components to the shunt APF current, enhancing overall perfor-
mance. The load voltage waveform (VL), as depicted, remains stable and sinusoidal
during steady-state operation. In a PSO-tuned UPQC-DG system, the DC link volt-
age ripple is significantly reduced to 0.5792%. The optimal PI parameters result
in more effective suppression of voltage fluctuations. This stability is crucial as it
indicates that the controller is successfully mitigating distortions and maintaining
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(a)

(b)

Figure 4.16: Harmonic spectrum of source current and load voltage of PSO tuned UPQC-
DG in steady state (a & b).

the quality of the load voltage. The harmonic spectrum of source current and load
voltage is shown in Fig. 4.16a and 4.16b which has a significantly lower harmonic
content compared to the ZN-tuned system. The system has reduced the THD of the
source current from 10.3% to 7.44%, and the THD of the load voltage from 4.22%
to 3.21%.

In overall, the validation of the PSO-based online PI tuning method using the
OPAL-RT 4512 real-time simulator showed significant improvements in the con-
trol performance of the DC link voltage in the UPQC-DG system compared to the
Ziegler-Nichols method. The PSO-tuned PI controller not only achieved lower ITAE
values but also provided a more stable and responsive DC link voltage control, as



Draft

Chapter 4. Real-time PI controller tuning of the UPQC-DG using PSO 72

evidenced by the smoother and quicker settling voltage waveforms. These results
underscore the advantages of the PSO-based tuning approach in enhancing the per-
formance and reliability of UPQC-DG systems in real-time applications.

4.5 Summary

The application of PSO-based online PI tuning in a UPQC-DG demonstrated signif-
icant enhancements in the control performance of the DC link voltage. Compared to
the traditional Ziegler-Nichols (ZN) method, the PSO-tuned PI controller showed su-
perior results, with lower ITAE values, reduced oscillations, and faster settling times.
The PSO-based approach achieved PI parameters of kp = 2.376 and ki = 175, result-
ing in an ITAE of 2.38%, compared to the ZN-tuned parameters of kp = 3.15 and ki =
350, which resulted in an ITAE of 4.82%. The THD of the source current is 10.30%,
while the load voltage has a THD of 4.22% when using the ZN approach. However,
by using the online PSO method, the THD is decreased to 7.44% for the source cur-
rent and 3.21% for the load voltage. The PSO-tuned system achieves lower harmonic
content in both source current and load voltage, resulting in reduced THD and im-
proved power quality. These findings underscore the efficacy of PSO in optimizing
PI controller parameters dynamically, ensuring a more stable and responsive control
system under varying operational conditions.

The PSO-based method not only reduces the overshoot voltage by a significant
margin (from 190 V to 40 V) but also minimizes the oscillations in the DC link
voltage response, which reduces the voltage ripple by 16.03%. These improvements
result in a more stable and reliable power quality conditioner capable of maintaining
optimal performance under varying operational conditions. By dynamically optimiz-
ing the PI parameters, the PSO algorithm enhances the stability and responsiveness
of the UPQC-DG system, ensuring better power quality and reducing the risk of
hardware stress due to excessive voltage overshoot and oscillations.

The implications of these findings are profound for the field of power qual-
ity management and control systems. The demonstrated ability of the PSO-based
method to adaptively tune PI controllers in real-time implies that UPQC-DG sys-
tems can achieve higher reliability and efficiency. The PSO-based tuner eliminates
the requirement to relax integral limits by dynamically optimizing the parameters of
the PI controller, which prevents integrator windup and enhances the overall perfor-
mance of control. This dynamic tuning capability is crucial for mitigating the impact
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of disturbances and maintaining optimal performance, thereby enhancing the overall
stability and quality of power delivery in distributed generation systems.

Furthermore, the reduced ITAE signifies improved long-term performance and
resilience, which is vital for maintaining consistent power quality despite fluctuating
loads and environmental conditions. Future research can further explore the inte-
gration of other advanced algorithms, such as Artificial Intelligence (AI) or Neural
Network-based Algorithms (ANN), in future investigations to compare their per-
formance with PSO and potentially develop hybrid approaches that combine the
strengths of multiple techniques.
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Chapter 5

PSO based Optimum Design of Passive Filter
Elements of UPQC

5.1 Preamble

Delivering uninterrupted and quality power is a core necessity of modern power in-
dustry. Any PQ problems such as voltage variation, flicker, and harmonics lead to
the equipment failure causing loss for industrial and domestic loads. Critical equip-
ment requires an interruption-proof and distortion-less power supply to obtain the
desired performance. Such quality of power can be achieved through active power
filters like UPQC [1–3]. Existing literature has shown the advantage of UPQC with
its dynamical and behavioural performance.

Generally, UPQC consists of two voltage-source inverter connected back-to-back
configurations sharing a common DC link capacitor. These inverters are connected in
series and shunt configurations with the distribution grid. The series VSI resolves the
voltage-related problem at point of common coupling (PCC) such as sag and swell,
while the shunt VSI eliminates the harmonic components injected by the load current.
Many control algorithms are reported in the literature for the simultaneous control of
series and shunt VSIs such as Power Angle Control [4, 5], modified Synchronous
Reference Frame Theory (SRF) based PAC [6]. In most of these works, control
techniques are aimed at improving the simultaneous compensation of current and
voltage by UPQC.

Designing UPQC-DG properly is essential for minimising costs, ensuring effi-
cient operation, and complying with strict grid codes. When designing the UPQC-
DG, it involves determining the appropriate sizes for the series and shunt converters
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as well as the series injection transformers. When the shunt converter of UPQC-
DG draws power from DG and provides reactive power to the load, its kVA rating
increases significantly. Developed is the power angle control (PAC) method to dis-
tribute the reactive power load between a shunt converter and a series converter [7,8].
Utilising power angle control has proven to be beneficial in optimising the perfor-
mance of series and shunt converters in conventional UPQC systems (without DG).
In the context of UPQC-DG, this becomes even more crucial as the shunt converter
of UPQC-DG experiences an extra VA burden due to the DG power passing through
it.

As the technology advanced, attempts to reduce the size and cost of UPQC power
converters have been reported in the literature [6, 9, 10]. Most of these attempts are
mainly focused on optimising the VA rating of UPQC. Researchers have used the
PSO algorithm in UPQC research for optimization. In the article [11], the authors
have applied the technique of PSO to calculate the optimum angle for the series APF
to inject in such a way to minimize the VA loading of UPQC and have used THD of
source current and load voltage as the objective function. The assorted optimization
algorithms used so far in UPQC are able to improve its compensation performance,
VA utilization of its inverters and reduce the ratings of UPQC in comparison to con-
ventional design approach, but not much attention has been given to the optimal de-
sign of passive filters of UPQC. Since the UPQC system consists of two VSIs which
inject the unwanted current or voltage harmonics along with desirable components
(compensating voltages and currents). The injection of these harmonics into the grid
which creates a serious problem. These filters play a crucial role in enhancing the
performance of UPQC in terms of harmonics mitigation, voltage drop, power fac-
tor and power losses which are difficult to be optimized using conventional design
approach.

Therefore, in this work, a comprehensive approach to optimally design the pas-
sive filtering elements of UPQC is proposed. In our proposed design, the objective
function comprises of four key indices namely THD, power factor, voltage regula-
tion and power loss, which widens the possibility of obtaining better performance of
UPQC. The proposed objective functions of the filter design takes care of the core
function of UPQC:

• The THD component of objective function makes sure that the source current
and load voltage THDs are minimum.



Draft

Chapter 5. PSO based Optimum Design of Passive Filter Elements of UPQC 80

Figure 5.1: Power Circuit Diagram of UPQC

• The power factor component takes care of maintaining unity power factor at
grid end.

• The voltage regulation component ensures load voltage to be held at desired
level.

• Power loss component of objective function keeps the power losses in UPQC
to minimum.

This chapter is organized into four sections. After the section 5.1 of preamble, the
structure of UPQC is explained in section 5.2 with parameter design concept and
controller strategy for shunt APF and series APF. Section 5.3.1 covers the explanation
of PSO and the approach to implement in the UPQC model. Finally, the experiment
result and conclusion are described in section 5.4.

5.2 Structure of UPQC

UPQC is a union of shunt inverter and series inverter with a DC link capacitor fa-
cilitated between them. These inverters act as active power filters to filter out the
harmonics. Interfacing inductors are used to connect the APFs to the distribution
grid.

The power circuit of UPQC is shown in Fig. 5.1. The left side inverter of the
circuit is known as series active power filter, it injects compensating voltage during
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occurrence of unbalanced & distorted terminal voltage. So, that the load terminal
voltage is sinusoidal of constant magnitude irrespective of the disturbance in the grid
voltage. The right side inverter of the circuit is called shunt active power filter, which
acts as a current source and compensates for load current based power quality issues,
such as load reactive power, current harmonics, unbalance, etc. In case of power
angle control, the series APF injects voltage in steady state as well for supplying a
part of load reactive power.

5.2.1 Existing Work Related to Filter Parameter Design

This section describes the conventional method of designing of passive interfacing
elements of UPQC. The interfacing elements are of two types: the interfacing induc-
tors and RC filters (ripple filters). The series RC filter (Rsr, Csr) is connected across
the secondary winding of a star-star transformer, whereas the series interfacing in-
ductor (Lsr) is connected at the primary winding. At the output of shunt APF, the
shunt RC filter (Rsh, Csh) and shunt interfacing inductor (Lsh) are connected in star
connection formation (Fig. 5.2). The purpose of RC filters is to block the high fre-
quency switching components entering into the supply system. Using the formulae
given in [12], the frequency can be calculated as

fr =
1

2πR fC f
=

fs

2
(5.1)

where C f is ripple filter capacitance and its resistance (R f ). fs represents the switching
frequency. Based on Eq. (5.1), the high pass RC filter is tuned at half of the switching
frequency and it has high impedance at a fundamental frequency so that it draws very
negligible fundamental current.

Figure 5.2: Schematics of the passive filters (a) Passive filters for series converter (b)
Passive filter for shunt converter
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Interfacing inductors play a crucial role in reducing ripple current & harmonics.
They form an interfacing medium between APF and the grid lines. They are mainly
used for suppressing current harmonics. The value of the inductor of shunt APF
depends on the current ripple (Icr,pp), switching frequency ( fs) and the DC voltage
bus (VDC), modulation index (m), the overloading factor (a) and can be calculated
using Eq. 5.2 [12]

Lr,sh =

√
3mVDC

12a fsIcr,pp
(5.2)

Similarly, the interfacing inductor of series APF can be designed based on the
source current ripple (δ Is), switching frequency ( fS) and the DC voltage bus (VDC),
modulation index (m), the overloading factor (a), the percent of voltage variation to
be compensated (x), and series transformer turns ratio (n) can be expressed [12] as

Lr,sr =

(√
3

2

)
nxmVDC

6a fsδ Is
(5.3)

Eqs. 5.1 to 5.3 are approximated formulas, which yield good enough results when
values of unknown parameters such as overloading factor, current ripple and varying
configuration etc. are carefully chosen, but it is difficult to arrive at optimum values
using this approach due to which performance of UPQC and cost of its passive filters
is not up to mark.

5.2.2 Controller Configuration

The control algorithm of UPQC used in this work is based on the power angle control
(PAC) method because of its advantages [6]. The concept of PAC method enables
the full utilization of shunt and series APFs by sharing of reactive power demand
between the two APFs according to their rated VA capacities. The detailed phasor
diagram of UPQC under PAC approach is shown in Fig. 5.3.

In Fig. 5.3, Vs is the rated source voltage having magnitude equal to k. δ (power
angle) is the phase difference between load voltage (VL) and source voltage (Vs).
So, in steady state condition Vs = VL = k. During sag condition, series voltage V ′Sr

is injected by series APF to maintain load voltage constant. The magnitude of the
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Figure 5.3: Phasor diagram of UPQC using PAC

injected series voltage can be computed as

V
′
Sr =

√
k2 +K ′2 +2kK ′cosδ (5.4)

The maximum value of injected series voltage by series APF is dependent on its
VA rating. The maximum power angle (δM) changes in accordance with the variation
in source voltage. So from Eq. (5.4) we can derive an equation for maximum power
angle in terms of VA rating of series APF.

δM = cos−1[
1+K2

s − (Ssr,rated/3Isk2)

2ks
] (5.5)

Where, ks is the ratio of |V ′s |/|Vs| and the desired power angle with VA limit can
be calculated obtained below

δD = sin−1(
λQsr

PL
) (5.6)

where, λ is the ratio of VA rating of the series inverter and sum of VA rating of
series & shunt inverter. Qsr is reactive power compensated by series APF and PL is
load active power. In the end, the minimum of δM and δD is acknowledged as actual
power angle. Depending on the power angle, the series voltage is injected by series
APF, which is described in next subsection.
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5.2.3 Series APF control

Generally, the purpose of series APF is to act as voltage controlled source which
maintains rated sinusoidal load terminal voltage. In conventional (non-PAC) con-
trol, the series APF works only during source voltage disturbances and shunt APF
provides total reactive power of the load in steady state. However, in PAC method,
the series compensator supplies a part of reactive power by injecting voltage at a
certain angle. So, the burden of reactive power gets shared between the two APFs.
The complete series APF control block is shown in Fig. 5.4. The technique is called
Unit Vector Template Generation (UVTG) [13]. The power angle at each instant is
determined by Eq. (5.6), which can be reframed in terms of dq0 quantities:

δD = sin−1(
λ ILq

ILd
) (5.7)

where the value of ILq and ILd are obtained from Park’s transformation as shown
in shunt APF control block in Fig. 5.5. The rms value of source current Is is equal
to (I∗d )/

√
2 where I∗d is d-axis supply current taken from control block of shunt APF

(Fig. 5.5). Hence, the maximum power angle meeting both VA rating limit and volt-
age limit is expressed as

δM = cos−1[
1+K2

s − (Ssr,rated/3I∗d k)2

2ks
] (5.8)

So, actual value of power angle, δ is determined by considering the minimum
of δD and δM. The voltage source signal is processed in 3-phase PLL and extracted
ωt is summed with actual power angle (δ ) to generate three-unit vector signal. The
fundamental signal is multiplied with peak voltage signal and then is subtracted from
load voltage signal to produce the required switching pulse as shown in Fig. 5.4.

Figure 5.4: Series APF control
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5.2.4 Shunt APF Control

In this chapter, modified SRF based PAC [6] technique is used to generate reference
current signal for shunt APF. Figure 5.5 shows the controller block diagram of shunt
active power filter control.

Figure 5.5: Shunt APF control

The controller injects suitable compensating current to mitigate power quality
issues present in load current. The measured three-phase load current signals are
converted from abc signal to dq0 frame (Eq. 5.9). The transformation is synchro-
nized with the load voltage ramp signal which is obtained by adding the output of
3-phase PLL and power angle [i.e. αt = ωt + δ ]. The power angle estimation is
already described in the previous subsection.ILd

ILq

ILo

=
2
3

sinαt sin(αt− 2π

3 ) sin(αt + 2π

3 )

cosθ cos(αt− 2π

3 ) cos(αt− 2π

3 )
1
2

1
2

1
2


ILa

ILb

ILc

 (5.9)

ILd = ĪLd + ĨLd (5.10)

ILq = ĪLq + ĨLq (5.11)

The resultant dq0 signal consists of ILd (active power) and ILq (reactive power) com-
ponents ĪLd and ĪLq are fundamental active and reactive components of the load cur-
rent. ĪLd is obtained by passing ILd through a moving average block. DC link voltage
is compared with reference DC link voltage and resultant error (EDC) is processed
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by PI controller to get required DC link current (IDC). The mean ĪLd is summed with
IDC to form reference d-axis current in synchronous frame. The reference d-axis
supply current transformed back to 3-phase reference source currents (I∗sa, I

∗
sb, I
∗
sc)

(Eq. 5.12) using Clark transformation. The actual load current signal (ILa, ILb, ILc)

is subtracted from reference source current to produce reference shunt APF current
(I∗sha, I

∗
shb, I

∗
shc) (Eq. 5.13). The obtained signal is compared with measured shunt APF

current (ISha, IShb, IShc) in hysteresis controller giving desired switching gate signal.I∗sa

I∗sb

I∗sc

=

 sinωt cosω 1
sin(ωt− 2π

3 ) cos(ωt− 2π

3 ) 1
sin(ωt + 2π

3 ) cos(ωt + 2π

3 ) 1


I∗d

I∗q
I∗0

 (5.12)

I∗sha

I∗shb

I∗shc

=

I∗sa

I∗sb

I∗sc

−
ILa

ILb

ILc

 (5.13)

5.3 Concept of Applied method

5.3.1 Concept of Particle Swarm Optimisation

It is a population-based method where each particle called as solution updates its
position based on past experience and neighbour’s best experience to search for opti-
mal solution. These particles communicate directly or indirectly with each other by
search direction or gradient method. Each particle has its position vector and velocity
vector which are calculated at every tth iteration in the search space. Every particle
has its local best position obtained by evaluating its fitness function which is updated
continuously as better position is searched by the other particles. The best position
among all particles is known as the global best position. This process continues until
the best solution is obtained. The procedure for implementation of PSO algorithm
for optimizing passive filters of UPQC is shown as follows:

• Initial swarm of particles (candidate solutions or positions) is generated within
the bounds of variables. Each particle is composed of six variables for six
parameters: series interfacing inductor (Lsr), resistance of series RC filter (Rsr),
capacitance of series RC filter (Csr), shunt interfacing inductor (Lsh), resistance
of shunt RC filter (Rsr) and capacitance of shunt RC filter (Csh).
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• UPQC system model is simulated for prescribed set of operating conditions
(including steady state and transient situation such as sag/swell). Based on the
simulation output, the objective function is evaluated for all the particles of
initial population.

• The local best position and global best position are computed for the first iter-
ation. The position as well as velocity of particle (solution) get updated using
equations described in next subsection.

• Again, the UPQC model is simulated for same set of operating conditions and
simulation output is used to re-evaluate the objective function for updated par-
ticles. The local best and global best positions are found, and position and
velocity are updated. The process of searching for best solution is repeated
until the convergence criteria meets.

5.3.2 Problem Formulation and Implementation

The optimization problem is formulated to design the optimal passive filters of UPQC
in various loading conditions. In minimization problem of the objective function
consists of 6 variables with lower and upper bounds. The mathematical formulation
of optimization problem is expressed as:

min.F1 = w1T HD+w2PowerLoss+w3V R+w4Ob j2 (5.14)

Subjected to
Lsr,min ≤ Lsr ≤ Lsr,max (5.15)

Rsr,min ≤ Rsr ≤ Rsr,max (5.16)

Csr,min ≤ Csr ≤Csr,max (5.17)

Lsh,min ≤ Lsh ≤ Lsh,max (5.18)

Rsh,min ≤ Rsh ≤ Rsr,max (5.19)

Csh,min ≤ Csh ≤Csh,max (5.20)

where, THD is averaged sum of per unit THDs of source current and load voltage;
PowerLoss is per unit average power loss of UPQC; VR is per unit average voltage
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regulation of load voltage. Since the objective function is modelled for minimization,
the power factor is considered as a new variable represented as:

Ob j2 = 1−PF (5.21)

where PF is the average power factor. While endeavoring to improve THDs, power
losses tend to increase, so the objective function is cautiously coordinated in such
a way that it will yield an optimum balance between these indexes. Weights w1,
w2, w3, w4 can be selected based on the requirement of a specific application, for
example, if a requirement of THD minimization is high, then w1 assumes a higher
value. Upper and lower bounds on controlled variables are selected based on the
designer’s experience with the system.

The above mentioned PSO algorithm is coded on MATLAB script platform to
find the most suitable solution for passive filters of the UPQC. The initial population
of candidate solutions (or particles) are found around a guess value obtained from the
design method described in [12]. Next step is to initialize the velocity of the particle
within the domain of decision variable. These particles evolve and inspect possible
solutions in the feasible region and remember the best position they have located.
The optimal solution is obtained with the help of particle population as each particle
of the population move continuously throughout search space and find the optimal
solution by sharing movement experience. To make sure, the new position does not
cross feasible region, an upper and lower bound are applied to the variable. Then the
local best position (pbest) of each particle has been evaluated based on best fitness
value of decision variable and is stored as "pbest". The term “gbest” is used for the
entire population whereas “pbest” is used for every individual particle member.

In the process of evaluating the objective function, global best position is selected
from the local best positions on the basis of the best fitness value and stored as "gbest".
The updated particle velocity can be determined as:

V t+1
i = w∗V t

i + c1r1 ∗ (pbest,i−X t
i )+ c2r2 ∗ (gbest,i−X t

i ) (5.22)

where, w is inertia weight. It is used to balance the local and global search during
the optimization process. The inertia weight ‘w’ should be between 0.4 and 0.9. The
parameters r1 and r2 are random numbers, whose values should be between 0 and
1. The newly updated velocity is then added to the particle’s previous position to
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determine the particle’s freshly updated position as follows:

X t+1
i = X i

t +V t+1
i (5.23)

After the current position is updated, the objective function is evaluated which
updates the fitness function ( fi). The personal best position of every particle updates
based on the following condition:

pbest,i= Xi

fpbest,i= fi

}
if fi < fPbest,i (5.24)

In addition to that, the global best position of the particles is also updated as per
the following condition:

gbest= Pbest,i

fgbest= fpbest,i

}
if fi < fgbest,i (5.25)

The PSO algorithm converges to the best solution after performing a certain num-
ber of iterations, irrespective of the initial assumption.

5.4 Result and Discussion

The optimum design of UPQC passive filter is obtained using the proposed PSO
algorithm in MATLAB/Simulink environment. Along with it, the passive filter pa-
rameters of series APF and shunt APF are designed using conventional approach for

Table 5.1: System Parameters

Source Voltage, Frequency
Impedance

415V, 50Hz
Rs = 0.05 Ω, Ls= 0.5mH

DC-link Capacitor
Ref. DC-Link

CDC = 5500uF
700V

Shunt APF Interfacing Inductor
Ripple Filter

2mH/ph
R = 5Ω/ph, C = 50uF /ph

Series APF
Interfacing Inductor
Ripple Filter
Injection Transformer

2mH/ph
R = 5Ω/ph, C = 50uF /ph
4.5 kVA

Load 1 15.69Ω (Linear Load)
Load 2 18 kVA (Non-Linear Load)
Load 3 18 kVA (Non-Linear Load)
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Table 5.2: Result of best parameter values obtained from PSO algorithm

Sr. No. Lsr(mH) Rsr (Ω) Csr (µF) Lsh (mH) Rsh (Ω) Csh (µF) Obj. Func.
Base 2 5 50 2 5 50 -
Opt.1 9.96 7.84 17 1.65 4.2 5 2.5
Opt.2 5.86 7.49 85.4 1.69 6.6 40 2.10
Opt.3 4.52 0.5 170.5 1.63 6.53 5 2.17
Opt.4 3.45 6.22 76.8 2.24 7.13 20.5 1.9
Opt.5 4.84 2.79 72 1.22 5.07 27 2.19

Table 5.3: Result of power losses, voltage regulation, power factor and THD

Parameter Mean P-Loss Mean VR Mean PF THD
Base 0.0347 0.0167 0.9859 0.0921
Opt.4 0.0154 0.0226 0.9863 0.0858

comparison. Various iterations of PSO with different variants resulted in slightly dif-
ferent optimized unique values, which were then validated and compared with con-
ventional design parameters. The specifications of the case study system are listed
in Table 5.1. Three phase source voltage of 415 V , 50 Hz with a source resistance of
0.05 Ω and source inductance of 0.05 mH is considered. The reference value for the
DC link is 700 V. Three different types of load (linear and non-linear) are applied to
the system. Load 1 consists of a three-phase uncontrolled rectifier with resistive load
whereas, Load 2 and Load 3 are different combinations of resistive and inductive AC
loads. All of these loads are introduced to the system at separate times.

Figure 5.6: Convergence curve for the algorithm
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(a)

(b)

(c)

(d)

Figure 5.7: Simulation result of base (a and b) and optimized (c and d) UPQC parameters
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5.4.1 MATLAB Simulation Result

As explained in section 5.3.1, the developed code of PSO-based optimization of
UPQC passive filters is implemented using the MATLAB platform. The conven-
tional UPQC model with the filter parameters is highlighted in Table 5.1. These filter
values obtained using conventional approach form the basis for generating initial set
particles for PSO based design approach. The initial set of particles is generated
randomly within the vicinity of conventionally found parameters. Then the objective
function is evaluated for initial set of particles using simulink model of UPQC. The
subsequent iterations of PSO are performed as per the procedure mentioned in sec-
tion 5.3.1 and the minimum value of objective function is found when convergence
criteria is met. The duration of whole simulation time depends on the quantity of
the particle population. The optimum filter parameters in Table 5.2 are obtained by
performing 30 such PSO code runs in which 5 runs with the best objective function
are enlisted. The best result in the table is shown in bold letters. The term “base” is
considered for the conventionally designed parameters of UPQC and the term “opt.”
stands for optimized parameters of UPQC. In Table 5.2, opt.4 is preferred as the
best optimized solution as it has a minimum objective function. The filter design
techniques, in general, are expected to produce lower numerical values of the fil-
ters, however, it is observed that the series capacitor and shunt capacitor in opt.4 are
higher than those obtained in other cases. In addition, the numerical value of induc-
tor and capacitor are higher than their values obtained in the conventional approach.
The reason is that the objective function results from PSO algorithm is minimum as
compared to others based on various factor that are involved in customized objec-
tive function to enhance the overall performance of UPQC consisting of good power
factor, voltage regulation and lower THDs simultaneously, which is practically in-
conceivable in conventional design approach. The convergence curve for PSO of
opt.4 is shown in Fig. 5.6. By analysing the convergence closely, it is found that the
objective function value settles at the 44th iteration. Table 5.2 shows that the power
loss, voltage regulation and THD of the optimized passive filter is lesser than the
conventionally designed filter. Fig. 5.7a & 5.7b shows the performance of UPQC
with conventional designed ripple filter. As seen, the DC link is maintained at 700
V. The series APF is compensating the source voltage and maintains load voltage at
the rated value by injecting the voltage at a suitable phase. Due to the power angle
control approach, the series APF is also engaged in the reactive power compensation



Draft

Chapter 5. PSO based Optimum Design of Passive Filter Elements of UPQC 93

as shown in Fig. 5.7d. The THD values are within the IEEE-519 limit. Furthermore,
when compared to Fig. 5.7a, the notches near the peak of load voltage waveform
(VL) are noticeably reduced after implementing the optimised filter. The distortion
of the waveform (Isr) is visibly improved in Fig. 5.7d. The significant reduction in
power loss can be validated in Table 5.2. So, the result achieved with the approached
algorithms are found to be better as compared to the conventional approach.

5.5 Summary

This chapter proposed a method to optimize the ripple filter and interfacing inductor
of shunt and series APFs of the UPQC. The optimal values of passive interfacing
components of UPQC are found by the Particle Swarm Optimization (PSO) by tak-
ing a minimization function that includes key performance measures such as power
losses, voltage regulation, harmonics and power factor. A comparative study is con-
ducted between conventional design approach and PSO based design approach pro-
posed in this work. The obtained results indicate that the passive filter designed by
PSO approach achieves superior performance in terms of technical viability. The
overall power loss in the designed UPQC is 608 W in comparison to the 810 W
obtained from conventional UPQC.
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Chapter 6

Comparing Power Losses in Diverse Control
Strategies of UPQC

6.1 Preamble

Power Quality problems are the emerging problem in today’s world where electricity
is only a reliable source of power. Modern technology appliances and sizeable indus-
trial equipments require continuous sinusoidal voltage with constant amplitude and
frequency. Present scenario of AC distribution system facing irregularity in power
supply, voltage sag, voltage swell, and excessive reactive problems and so on. Poor
power quality leads to improper functioning of electrical devices and abnormal be-
haviour of AC loads. Many electronic equipments generate harmonic current and
increased reactive power causing loads to unbalance and voltage fluctuation.

An extensive review of various power quality enhancement devices on distribu-
tion level is presented in the literature [1] commonly known as Unified Power Quality
Conditioner. This device is the combination shunt APF and series APF with DC link
capacitor connected between them (Fig. 6.1). Shunt APF commonly called DSTAT-
COM provides the current compensation in case of load unbalancing, harmonics
reduction and reactive power injection. The series compensation devices called DVR
provide interrupted voltage supply to the load in the case of voltage sag/swell, voltage
fluctuation etc.

Various researchers have published papers in the category of UPQC based on (i)
converter type (ii) topology type (iii) control type and (iv) rating based. A compre-
hensive review of various category of UPQC is reported in article [1,2]. On all of the
major classifications, the rating based UPQC focused on the mitigation of voltage
sag/swell on the distribution system.
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Figure 6.1: Configuration of UPQC system.

The control strategies of UPQC includes: UPQC-P, UPQC-Q, UPQC-S. In UPQC-
P, active power control is achieved by injecting voltage in phase with the supply
voltage, which is the simple one and yields minimum voltage rating of DVR, but
increases VA rating due to exchange of active power. UPQC-Q control aims at mini-
mizing the active power exchange by making DVR inject voltage in quadrature with
source voltage. The UPQC-S control aims at overall VA minimization by injecting
voltage at an angle with source voltage.

This chapter presents the loss comparison of UPQC-P, UPQC-Q and UPQC-S.
Each model have been simulated in MATLAB/Simulink and investigated in detailed
manner. The losses are compared and categorized in three modes, such as steady state
mode, 30% sag mode, 30% swell mode. The steady state mode is further categorized
in two-parts, one with a full load and the another one is with partial load. The full
load consists of linear and nonlinear load along with the harmonic load. However,
the partial load contains the linear load only.
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Figure 6.2: Phasor representation of a UPQC-P for voltage sag compensation.

6.2 Control Strategies of UPQC

The system configuration of UPQC shown in Fig. 6.1 is designed for three-phase
system.

The system consists of shunt APF connected toward the right side of the circuit
(load side) and the series APF connected to the left side of the circuit (source volt-
age). Series APF interfaced with a grid system with the help of inductor and injection
transformer. Similarly, shunt APF is integrated across the load with inductor. Ripple
filters are also used to filter out the harmonics generated by the power electronics
load.

6.2.1 UPQC-P

In UPQC-P, the DVR is used to maintain the load voltage at the rated value and the
injected voltage in phase or out of phase with the supply voltage [3–5]. This control
strategy leads to minimum voltage injection by DVR, but it involves considerable ac-
tive power exchange of UPQC with grid leading to increase in its VA rating. During
sag, active power is injected by DVR and during swell, it withdraws power from the
grid. In both cases, balanced active power after meeting losses of UPQC, is routed
back to the grid by DSTATCOM of UPQC.

From Fig. 6.2, it is evident that UPQC-P can satisfactorily perform the compen-
sation of voltage sag and swell smoothly. The series inverter injects voltage in the
same phase with the supply voltage. For doing so, the series APF fed active power
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Figure 6.3: Phasor representation of a UPQC-Q for voltage sag compensation.

from shunt APF. The reactive power is compensated by shunt inverter and the rating
of series inverter is at minimum value.

6.2.2 UPQC-Q

In this control, DVR injects voltage in quadrature with the supply current. DVR does
not consume any active power during the process. Similarly, DSTATCOM performs
the current based compensation to fulfil the reactive power demand and to maintain
the DC-link voltage constant [6, 7]. The magnitude of the compensated voltage is
higher than that of UPQC-P. This configuration is suitable only for sag compensation.

The phasor diagram of UPQC-Q is shown in Fig. 6.3, where DVR is compen-
sating the fundamental voltage by injecting the reactive power into the bus bar at
the quadrature angle (90◦). With the supply current, Fig. 6.3 shows clearly that the
series inverter cannot compensate voltage for voltage swell. However, DSTATCOM
achieves the reactive power compensation of the load efficiently. In sag mode, DVR
do not supply the active power and VA rating is at minimum value.
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Figure 6.4: Phasor representation of a UPQC-S for voltage sag compensation.

6.2.3 UPQC-S

DVR can compensate both active power and reactive power simultaneously, while
DSTATCOM is used for all current based compensation [8]. The rating of DVR and
DSTATCOM are relatively minimal as compared to UPQC-P and UPQC-S and can
be utilized to full capacity of VA loading.

Unlike the above two control modes, the control strategy of UPQC-S is proved
to be best for the compensation of active and reactive power. The DVR can inject
voltage for both conditions of voltage sag/swell compensation. The compensation
done on a predetermined phase angle with the minimum utilization of VA loading as
shown in Fig. 6.4.

6.3 Control of UPQC

Figure 6.5 shows the control block diagram of the UPQC system. For the control
of series APF, three phase PLL is used to generates the reference signal for series
inverter. The measured voltage source is converted to frequency (Hz) by PLL. Then
the output signal is converted to three phase fundamental signal with 120◦. Later the
signal is multiplied with the peak voltage that we desired to get in the load voltage.
The desired reference load voltage can be expressed as
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Figure 6.5: Control structure of series APF and shunt APF.

v∗La

v∗Lb

v∗Lc

=

 vLa(sinωt)

vLb(sinωt−120◦)
vLc(sinωt +120◦)

 (6.1)

Equation (6.1) will be compared with actual load voltage with the help of PWM
controller to get required gate pulses for the series inverter. This method is known as
UVTG (Unit Vector Template Generation) [9].

The SRF method (Synchronous Reference Frame Theory) [10] will transfer three
phase voltage signal in ABC form to synchronously rotating reference frame (DQ-
theory) using park’s transformation as expressed in Eq. (6.2)iLd

iLq

iLo

=
2
3

 cosθ −sinθ
1
2

cos(θ − 2π

3 ) −cos(θ − 2π

3 ) 1
2

cos(θ + 2π

3 ) sin(θ − 2π

3 ) 1
2


iLa

iLb

iLc

 (6.2)

The aforementioned current signal is synchronized with source voltage by three
phase PLL. These signals are then passed through band pass filter and summed with
the desired value of DC link voltage signal. The reference DC link voltage is obtained
from the computation of PI controller followed by the comparison of actual DC bus
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voltage and its reference value. The resultant d-axis component of the load current
is transformed to reference current using inverse park transformation with assuming
that q-axis component and zero axis component to be zero. Now, the reference source
current is compensated to the actual source current to get the desired gate pulses for
the shunt inverter as shown in Fig. 6.5.

Power angle δ is the angle between the source voltage and the series compensated
voltage. It is important factor for controlling UPQC with effective utilization of shunt
APF and series APF at various condition of voltage disruption. Based on the control
strategies, estimated power angle is summed up with ωt to generate three phase
balanced unit vectors using Eq. (6.1). The later signal is multiplied with reference
load voltage to generate reference load voltage signals with displaced power angle
(δ ). For UPQC-S, power angle is calculated [11] as follows

δ = sin−1
(

QSr

PL

)
(6.3)

where QSr reactive power supplied by series APF is taken as 37.5% of QL (load
reactive power) . Shunt APF supplies rest of QL, where as PL is load active power.
For UPQC-Q, the power angle is calculated [12] as follows

δ = cos−1

(
V
′
S

VL,re f

)
(6.4)

where, V
′
s is instantaneous RMS magnitude of source voltage, abs VL,re f is a load

reference voltage (the desired value of load voltage). While, For UPQC-P, the δ is
taken as zero.

6.4 Simulation Results

All the three models of UPQC have been developed and simulated in MATLAB/
Simulink and their dynamic performances investigated and analyzed in detail. Losses
caused by dynamical behavior of the UPQC at different types of load have been
evaluated by the simulation and shown in Table 6.2.

System parameters are designed and calculated using the method given in [2].
A three phase source of 400V, 50Hz with source resistance of 0.05Ω and source
inductance of 0.5 mH considered for the UPQC system.
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Table 6.1: System Parameter

Source Voltage and Frequency 400 V, 50Hz
Impedance RS = 0.05, LS = 0.5mH

DC link Capacitor CDC=5500µF
Reference DC link 700 V

Shunt APF Interfacing Inductor 1.2mH/ph
Ripple Filter R = 10Ω/ph, C = 10 µF/ph

Series APF Interfacing Inductor 3.6 mH/ph
Ripple Filter R= 5Ω/ph, C = 50 µF/ph

Injection Transformer 4.5 kVA

In Fig. 6.6, waveforms for UPQC controlled using UPQC-S strategy are shown.
Initially the system is in steady-state and load current harmonics and reactive power
are compensated. Using UPQC-S control, series APF supplies a part of reactive
power and hence, there will be a phase difference (power angle) between source
and load voltages. In steady state, source current is harmonics free at unity power
factor. At 0.4 sec, a voltage sag of 30% occurs which is compensated by series
APF making load voltage magnitude unaffected. On the occurrence of sag, series
voltage injected by series APF changes to accommodate the voltage required for
compensating voltage sag.

In Fig. 6.7, key waveforms of UPQC-Q control strategy are shown (current wave-
form are not shown as they are repetitive and to save space). In steady state, voltage
injected by series APF is minimal just to maintain voltage regulation. On the oc-
currence of sag, voltage is injected by series APF in quadrature with source cur-
rent/source voltage. Of course, the magnitude of voltage required for the same
amount of sag is larger in this control compared to UPQC-S. In this control, power
angle has small value in steady state and it goes to maximum value (45◦) during sag.

In Fig. 6.8, key waveforms of UPQC-P are shown. In steady-state, series voltage
is practically zero. On the occurrence of sag, series voltage is injected in phase
with source voltage to maintain the load voltage. Power angle is always zero in this
control. Similarly during the occurrence of swell, the power angle is zero in the case
of UPQC-P as shown in Fig. 6.9 as well in the control of UPQC-Q.

Table 6.2. illustrates the power losses associated with UPQC-P, UPQC-Q and
UPQC-S. The source power and load power are calculated and the total losses of
current through shunt and series inverter along with the voltage injection are included
in the table. The losses of UPQC-P is found out to be 3.2% and 1.73% in the case
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Table 6.2: Losses Associated with a Different Model of UPQC Under Various Load
Scenario. (A) UPQC-P. (B) UPQC-Q. (C) UPQC-S. (Overall Case: Individual Durations:
Sag-0.2 sec, Swell-0.1 sec, SS-FL-2 sec, SS-PL1-1.3 sec, SS-PL2-0.4 sec)

(A) UPQC-P Time
(s)

P_s
(W)

P_L
(W)

P_upqc_loss
(W)

Delta
(°)

SS-FL 0.4 41830 40932.5 -897.5 0
Sag-30% 0.4 40955 39647.5 -1307.5 0

Swell-30% 0.4 42980 42245 -735 0
SS-PL 0.4 31790 31217.5 -572.5 0
Overall 4 35870.3 35152.3 -718 0

(B) UPQC-Q Time
(s)

P_s
(W)

P_L
(W)

P_upqc_loss
(W)

Delta
(°)

SS-FL 0.4 41572.5 40750 -822.5 8.2
Sag-30% 0.4 35420 34992.5 -427.5 45

Swell-30% 0.4 43040 42310 -730 0
SS-PL 0.4 31697.5 31170 -527.5 6.1
Overall 4 35516.5 34875.8 -640.8 4.0- 45.0

(C) UPQC-S Time
(s)

P_s
(W)

P_L
(W)

P_upqc_loss
(W)

Delta
(°)

SS-FL 0.4 41122.5 40272.5 -850 16.1
Sag-30% 0.4 37437.5 36335 -1102.5 16.5

Swell-30% 0.4 44412.5 43667.5 -745 13.8
SS-PL 0.4 31465 30912.5 -552.5 14.2
Overall 4 35294.3 34603.5 -690.8 10.2-16.5

of voltage sag (30%) and voltage swell (30%). Similarly, in UPQC-S and UPQC-
Q, the loss percentages are 3.03% and 1.2% for sag and 1.7% and 1.72% for swell
respectively.

The simulation time of each variation of the loads are set to 0.4 sec. In other
words, a sag of 30 % is introduced on the system for t = 0.4 s. Then in next phase
of, simulation swell of 30% is imposed on the system for t = 0.4 s. Similarly, a time
period of 0.4 s is applied to the system with a partial and full load in every control
strategy of UPQC’s as explained in above section.

In the last row of each table shows the overall simulation done at a single run on
a single simulation time of 4 seconds. Initially for t1= 2 s, the UPQC system was
working at steady state condition with full load. After time interval t1, steady state
partial load L1 is introduced for t2 = 1.3 s followed by next partial load L2 for t3 =
0.4 s. Between t4 = 3.7 s to t5 = 3.9 s, sag of 30% is imposed in the system. Further,
swell of 30% is introduced for t6 = 0.1 s. The result of the simulation is outlined as
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Figure 6.6: Waveforms of UPQC controlled using UPQC-S (30% sag).

follows:

• From Fig. 6.8 and Fig. 6.9, the waveforms shows that shunt APF injects min-
imum voltage for compensation of voltage sag/swell. The power angle (δ )
is zero which implies that DVR only requires active power for voltage in-
jection. The comparisons result also evaluates that UPQC-P consumes maxi-
mum power than the other two UPQC’s control system in the case of voltage
sag/swell.

• From Fig. 6.6, the waveforms of UPQC-S shows that the load voltage is main-
tained at desired level on the occurrence of voltage sag and with minimum
system losses. Referred to the Table 6.2, the power angle (δ ) is maintained at
16.1◦ and 16.5◦ during voltage sag and steady state respectively. During volt-
age swell the power angle is maintained at 13.8◦. There will be an increase in
the reactive power compensation during voltage sag and voltage swell due to
increase in the source current.

• In Fig. 6.7, the series inverter injects the voltage in quadrature with the load
end. It can be shown that there is an increase in the magnitude of the series
injected voltage. In the case of voltage swell as indicated in Table 6.2, the
power angle (δ ) is zero which concludes that UPQC-Q cannot be used for the
compensation of voltage swell.
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Figure 6.7: Voltage compensation waveforms for UPQC-Q (30% sag).

6.5 Summary

The design and performance of all three different control strategies of three phase
UPQC have been analyzed under various operating conditions. The control strate-
gies are mathematically formulated and simulated in the MATLAB/Simulink envi-
ronment. It is observed that UPQC-Q able to mitigate harmonic components be-
tween the source voltage and the load with minimal consumption of power. The
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Figure 6.8: Voltage compensation waveforms for UPQC-P (30% sag).

overall losses of combined series inverter and shunt inverter of UPQC-P is found
out to be 2.04% which more than UPQC-S (1.90%) and UPQC-Q (1.80%). The
minimum losses occurred during overall compensation for various loads confirm the
good performance of UPQC-Q with minimal consumption of active power and im-
proved power angle. Nevertheless, the evaluated result also shows the incapability of
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Figure 6.9: Voltage compensation waveforms for UPQC-P (30% swell).

UPQC-Q in case of voltage swell compensation.
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Chapter 7

Examining the Power Losses of UPQC and UPQC-
DG: A Comparative Study

7.1 Preamble

Power quality (PQ) is now becoming fundamental need of modern power distribu-
tion network at different level of usages in both industrial and commercial sectors
including domestic area. However, due to the rigorous advancement of power elec-
tronics devices and increased non-linear loads in recent decades worldwide, power
industries are facing a lot of uncommon power quality problems leading to equip-
ment failures and production losses which is further leading towards financial losses
to the nation’s economy.

In order to mitigate PQ issues such as poor power factor operation due to uncon-
trolled reactive power, voltage sag, voltage swell, voltage and current harmonics and
to further enhance sinusoidal distribution network system, numerous custom devices
have been developed, such as static compensators (STATCOMs), dynamic voltage
restorers (DVRs) that can minimize the effect of different PQ problems, however
UPQC emerges to be a complete solution for the compensation of power quality
problem [1].

For any power electronics based devices, a good algorithm design is required for
overall system efficacy. To control these above compensating custom devices, vari-
ous algorithms/control schemes have been developed. Synchronous reference frame
theory (SRF) [2], unit vector template generation (UTVG) technique [3], power an-
gle control (PAC) method [4, 5], model predictive control (MPC) [6] and artificial
neural network (ANN) [7] are among the popular control strategies that are available
in literatures.
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The configuration of UPQC allows the compensation of current and voltage by
shunt APF and series APF respectively [8]. The shunt APF acts as a current source,
reducing current- related issues like unbalanced current, low power factor (reactive
current) and voltage regulation problems. Series APF eliminates voltage-related is-
sues like sag and swell. It is used to revive the grid voltage by injecting a suitable
voltage of a specified magnitude through an injection transformer. In UPQC-DG
configuration, distributed generation (solar, wind etc) is also connected at the DC-
link as an alternate source. Because the shunt APF inverter and grid-interactive in-
verter have comparable configurations, this architecture avoids the solar inverter’s
added cost [9]. Due to presence of DG, compensation of voltage interruption with
UPQC-DG becomes easier. The current injected by DG helps in the voltage reg-
ulation of the DC-link [10] and improves the compensation performance of UPQC.
UPQC-DG is also helpful in microgrid operation in both grid-connected and islanded
modes [11,12]. The combination of UPQC and DG has the ability to export reactive
power support to the grid [13]. In most of the works available, DG has been cho-
sen as a renewable source because of environmental concerns, and solar PV is the
most commonly used DG for UPQC-DG configuration. Since PV array output varies
due to many environmental factors such as temperature, irradiation, dust etc. which
leads to poor efficiency. To overcome the situation, maximum power point tracking
(MPPT) is used. Perturb & observe (P&O) method [14], [15] and incremental con-
ductance (IC) methods [16] are the most common types of MPPT methods used now
a days. As compared to conventional UPQC, the PV connected UPQC has numerous
benefits, such as:

• Improved power quality compensation due to better DC-link regulation.

• Elimination of costly grid-tied inverter required for DG.

• Ability to compensate for supply voltage interruptions.

• Centralized and economical control of series APF, shunt APF and DG con-
verter.

• Encourages clean energy generation.

In spite of above advantages, UPQC-DG suffers from increased power losses and
its quantification is required to be evaluated for its overall performance. Power losses
of UPQC have been studied for different control techniques in [5] and a preliminary
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study on losses of UPQC-DG is presented in [17]. Functionalities and the perfor-
mance analysis of UPQC & UPQC-DG have been discussed in many literatures,
however, quantified evaluation of their power losses including switch modeling and
switching losses are missing. It is therefore required for evaluating the utility of
UPQC-DG as single solution for compensating power quality issues and integrating
distributed generation simultaneously.

The comparison of power losses presented in [17] for UPQC and UPQC-DG con-
figurations are not much appropriate and fair since PV is not considered in UPQC
while comparison. To ensure a fair and justified comparison, UPQC with indepen-
dent DG (UPQC-IDG) is executed in this work for comparison with UPQC-DG.
With an insightful review of available literatures at very fundamental level, all the
simulations and validations have been performed with updated parameters. The sole
difference between UPQC-DG and the newly executed UPQC-IDG configuration in
this work is that for UPQC-IDG, DG is not directly connected to the UPQC power
circuit via DC-link as in case of UPGC-DG, rather it is connected to the distribution
network randomly using a grid-interactive inverter.

In this chapter, an attempt have been made to present the comparison of con-
ventional UPQC, UPQC with distributed generation (UPQC-DG) and UPQC with
independent DG (UPQC-IDG) in terms of their respective power losses. The power
losses have been found for different operating conditions such as steady-state, volt-
age sag, swell, change in irradiation and change in load. The loads are considered
as a mix of linear and non-linear loads. The losses are also computed for the power
angle control technique in the case of UPQC-DG. All the configurations have been
simulated in MATLAB/Simulink and real-time simulation separately using Opal-RT
and their power loss comparisons have been investigated in a detailed manner and
further concluded for selecting the best possible configuration to be used in practical
applications based on requirements and economical viability.

The chapters are organized in following subsequent manner: Following the in-
troduction part, circuit architecture, configurations of UPQC, UPQC-DG & UPQC-
IDG and control of SRF-PAC are discussed in section 7.2. Section 7.3 illustrates the
details of power loss calculations. Power loss comparisons using Matlab/Simulink
results discussed in section 7.4. Section 7.5 presents the power loss comparison in
real-time simulation using Opal-RT. The chapter is finalized by concluding the dis-
cussions and results in section 7.6.
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Figure 7.1: Configuration of UPQC-DG with PV array and Boost Converter.

7.2 Configuration and Control

Since majority of AC power is handled using a three-phase system, the three-phase
three wire category of UPQC is used for the investigation. The power circuitry of
UPQC-DG is shown in Fig. 7.1. The configuration and control schemes of UPQC,
UPQC-DG and UPQC-IDG are discussed here below;

7.2.1 UPQC

In this configuration, the shunt APF (DSTATCOM) is connected across the load side
to tackle the current associated problems and the series APF (DVR) is connected on
the source side to address voltage associated problems. Shunt APF and series APF
are three-leg voltage source inverters with six switching devices. A constant voltage
across DC-link is required for both APFs to perform their designated tasks. DC-link
voltage is selected to be more than twice of the peak AC system voltage [1] in order
to have distortion free compensation by shunt compensator. The primary function of
shunt APF is to regulate the voltage of the DC-link at a fixed value.

The voltage is injected by DVR using three single-phase transformers to maintain
the load voltage at the desired level. It injects the required voltage in series with the
supply voltage during the occurrence of sag/swell condition as shown in the phaser
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Figure 7.2: Phasor representation of a UPQC during sag.

Figure 7.3: Series APF controller.

diagram of UPQC in sag condition (Fig. 7.2). The ripple filter is used in the circuit
model to filter out the unwanted component in the injected voltage.

The DVR is controlled using the unit vector template generation technique (UVTG),
which is a simple control algorithm that does not need a PI controller to generate the
reference signal. In this method, three-phase PLL is used to generate a three-phase
unit vector, which is subsequently multiplied with fundamental peak amplitude load
voltage (v∗La,pk,v

∗
Lb,pk,v

∗
Lc,pk) to give an ideal sinusoidal voltage with fixed ampli-

tude [18] can be obtained as:v∗La

v∗Lb

v∗Lc

=

 v∗La,pk(sinωt)

v∗La,pk(sin(ωt−120◦))

v∗La,pk(sin(ωt +120◦))

 (7.1)

Afterwards, the generated load voltages (Eq. 7.1) are compared with measured
load voltage (VLa,VLb,VLc) to give a reference load voltage signal (v∗La,re f ,v

∗
Lb,re f ,v

∗
Lc,re f )

for the PWM controller, as shown in Fig. 7.3.
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To control shunt APF as depicted in Fig. 7.4, a time-domain control technique
called SRF technique is used to determine the reference signals. In this control tech-
nique, the instantaneous value of load current is converted to a DQ domain using
Park’s transformation, as shown in Eq. (7.2).iLd

iLq

iLo

=
2
3

 sinθ sin(θ − 2π

3 ) sin(θ + 2π

3 )

cosθ cos(θ − 2π

3 ) cos(θ − 2π

3 )
1
2

1
2

1
2


iLa

iLb

iLc

 (7.2)

The transformation technique is frequency synchronized with source voltage by
using three-phase PLL to get the angular position of the DQ rotating reference frame.
The average value of ILd,av is accomplished using LPF to achieve a positive sequence
component of load voltage current. A PI controller is used for regulating the DC-link
voltage. The output of the DC-link voltage controller (Idc) is summed with the d-axis
value of load current (ILd,av) and transformed back to three-phase frame (abc) with
the assumption of other components (q-axis component and zero axis component)
being zero [18]. It can be noted that ILd is the load active power component and is in
the phase with load voltage (VL) whereas, ILq is the load reactive power component
which is out of phase with load current (IL). The resulting reference shunt current
(I∗Sha, I

∗
Shb, I

∗
Shc) is obtained by subtracting load current from their respective positive

sequence reference current obtained from inverse park’s transformation.

7.2.2 UPQC-DG

In this configuration PV array is interfaced with DC link using DC-DC boost con-
verter as shown in Fig. 7.1. The series APF is connected towards the source and the
shunt APF is connected across the load. It is expected to improve the performance of
the UPQC because UPQC can compensate for power interruptions using the power
supplied by PV array and its DC-link response improves because of feed forward
gain. It also reduces the burden on main grid by supplying power from PV without
any need for an additional grid-tied converter. So, it mainly consists of three primary
functional converters (i) DVR (ii) DSTATCOM and (iii) DC-DC boost converter.

The active power from the PV array is fed to the grid using shunt APF. The only
difference between the shunt controller of UPQC and UPQC-DG is that in the case
of UPQC-DG, PV current (Ipv) is subtracted from net load current (ILd + Idc) [10] as
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Figure 7.4: Shunt APF controller.

shown in Fig. 7.4. The d-axis component of the load current can be obtained from
the Eq. (7.3).

I∗d = ILd + Idc− Ipv (7.3)

A similar but enhanced technique called SRF-PAC [19] which aims to effectively
utilise series and shunt APF by sharing the load reactive power burden between the
two inverters is implemented to demonstrate the applicability and hence compare the
losses with non SRF-PAC control approach. In this approach, the load voltage phase
differs from source voltage by an angle called power angle. This enables the series
APF controller to provide reactive power compensation along with the shunt APF
controller [5]. The value of the power angle can be obtained as follows:

δ = sin−1(
QSr

PL−PPV
) (7.4)

where QSr is series APF reactive power, PL is load power and PPV is PV power.
Boost converter acts as an interface between the DC-link and the PV array. It

is controlled to extract the maximum power from PV using MPPT technique and to
ramp up the voltage at the output terminal of PV as per the DC-link voltage. For
the execution of MPPT, a simple method called Incremental conductance with an
integral regulator [15] is used, as shown in Eq. (7.5).

dI
dV

=
−I
V

(7.5)
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Boost converter is designed in such a way that output is nearly equal to the ref-
erence value of the DC-link controller. So that DC-link voltage and MPP voltage is
ensured to be equal. Similarly, shunt APF is also designed in order to withstand the
peak power output of the PV array.

7.2.3 UPQC-IDG

In this configuration, DG is connected separately using a grid tie inverter. Fig. 7.5
depicts the power circuit of UPQC-IDG. To step up the voltage at PV array output
terminal, DC-DC boost converter is connected between the DC link of the inverter
and the PV output. UPQC and the grid tie inverter are independent entities with their
separate controls. To compensate current and voltage issues, the techniques of SRF
and UVTG have been used. The SRF approach is used to create desirable gate pulses
for the grid-tie inverter while controlling the independent DG.

Figure 7.5: Power structure scheme of UPQC with separate PV.
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Figure 7.6: IGBT switch model.

7.3 Power Loss Calculation

The three-phase three-wire UPQC consists of two voltage source inverters made up
of 12 active switches. In the case of UPQC-DG, one additional active switch of boost
converter is included. However, in the special case of UPQC-IDG, three inverters are
involved along with one boost converter.

The flow of current through the device and the voltage drop across its terminal
generates conduction losses. The on-state resistance of semiconductor switches and
the equivalent series resistor (ESR) of passive element are also an important factor
contributing the conduction losses. The duty cycle has also a direct relationship with
these losses. Apart from conduction losses, switching losses are another significant
component of losses. The power loss calculation incorporates the dynamical be-
haviour of IGBTs and their freewheeling diode and the boost converter diode. The
IGBT switch model considered for simulation is shown in Fig. 7.6 including on-state
resistance, switch’s forward voltage drop and anti-parallel diode. So the total power
losses of UPQC and UPQC-DG/IDG are inclusive of;

• Conduction losses of power electronics switches including anti-parallel diodes.

• Switching losses of power electronics switches and anti-parallel diodes.

• On-state power losses of switches caused by forward voltage drop.

• Power losses of RC filtering elements.

Of the above mentioned power losses, except switching losses, all other losses are
found using simulations. Switching losses are computed using the empirical ap-
proach with the help of voltage and current values obtained from the simulation.
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To get the detailed performance analysis, the simulated power model are made
more practical by adopting the actual numerical values of forward voltage and for-
ward diode voltage of IGBT from the datasheet of SEMIKRON inverter stack type
no. MD B6U 415/560-45F (IGBT Vf = 0.8 V IGBT Vf d = 1.2 V). The IGBT module
type is SKM 75GB12T4. The formula to measure the switching energy dissipation
of IGBT [20] is expressed as follows:

Esw = Eswre f .

(
I

Ire f

)Ki

.

(
Vcc

VCCre f

)Kv

.(1+TCsw(Tj−Tjre f )) (7.6)

where
Ki: Exponent of current dependency
Kv: Exponent of voltage dependency
TCsw : Temperature coefficient of switching losses

However, the switching energy of IGBT (Esw) is dependent upon the turn-on
(Eon), and turn-off energy dissipation (Eo f f ) is given as;

Esw = Eon +Eo f f (7.7)

According to IEC 60747-9 standard, the expression for turn-on energy dissipation
can be written as;

Eon =
∫ t1

t2
pv(t)dt =

∫ t1

t2
vCE(t)∗ icdt (7.8)

The upper and lower integral limits are between 10% of VG(on)(t1) and 2% of
VCC (t2). The expression for Eo f f with integral limits of 90% of VG(on)(t3) and 2%
of IC (t4) can be defined as;

Eo f f =
∫ t3

t4
pv(t)dt =

∫ t3

t4
vCE(t)∗ icdt (7.9)

The formula for energy dissipation in freewheeling diode, Err can be written as;

Err =
∫ t5

t6
pv(t)dt =

∫ t5

t6
vCE(t)∗ icdt (7.10)

where t5 is zero crossing of diode reverse current and t6 is the 2% of decreasing
diode current.

The energy loss dissipation for the combined six switches of DVR and DSTAT-
COM are highlighted in Table 7.1 for the UPQC and UPQC-DG/IDG. It is observed
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Table 7.2: Switching Losses in DC-DC Boost Converter of UPQC-DG/IDG Under Dif-
ferent Scenarios

Topology Cases
DC-DC Boost Converter Losses (W)

IGBT Diode
SW_L FW_V_L FW_D_L FW_V_L FW_D_L FW_V_L

UPQC
-DG

Sag 149.81 10.34 187.44 15.50 184.48 15.02
Swell 143.55 9.90 183.48 14.86 180.62 14.40

CH-IR 143.50 9.90 183.45 14.85 180.11 14.32
SS-FL 173.82 11.99 201.90 17.99 197.92 17.29
SS-PL 173.82 11.99 201.90 17.99 197.61 17.23
Overall 164.95 11.38 196.68 17.07 193.07 16.45

UPQC-
with

separate
PV

Sag 172.26 11.88 200.99 17.83 200.08 17.66
Swell 164.95 11.38 196.68 17.07 192.91 16.42

CH-IR 105.44 7.27 157.25 10.91 152.91 10.32
SS-FL 96.57 6.66 150.49 9.99 148.44 9.72
SS-PL 96.57 6.66 150.49 9.99 148.44 9.72
Overall 173.30 11.96 201.60 17.93 197.61 17.23

that the energy loss dissipation is more in DVR inverter switches if compared to
DSTATCOM switches. Similarly, switching losses in boost converter of UPQC-
DG/IDG is tabulated in Table 7.2. The switching losses are computed from switching
energy dissipation by Eq. (7.6):

Psw = Esw ∗ fsw (7.11)

where, fsw is switching frequency.

7.4 MATLAB Simulation Results and Discussion

The steady-state and dynamical performances of UPQC, UPQC-DG and UPQC-IDG
are simulated in MATLAB/Simulink environment. The optimized parameter for the
power circuit shown in Fig. 7.1 is designed using the method given in [1] and [11] are
detailed in Table 7.3. Basically, three types of loads are considered for the proposed
system. Load-1 is a three-phase uncontrolled rectifier, Load-2 & Load-3 are the
combinations of resistive and inductive load with specific values. A three-phase
source 415 V, 50 Hz is selected with Rs & Ls as source impedance. Two inductors
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Table 7.3: System Parameters

Source Voltage and Frequency 415 V, 50 Hz
Impedance Rs =0.05 Ω, LS = 0.5 mH

DC link Capacitor CDC = 5500 µF
Reference DC Voltage 700 V

Shunt APF Interfacing Inductor 1.22 mH/ph
Ripple Filter R =5.07 Ω/ph

C =20.7 µF/ph
Series APF Interfacing Inductor 4.84 mH/ph

Ripple Filter R =2.79 Ω/ph
C =72 µF/ph

Injection Transformer 2.5 kVA
Solar PV Array Maximum Power 15.3 kW

Voltage at MPP 547 V
Current at MPP 28.8 A

Lsh and Lsr are used as interfacing inductors for shunt APF & series APF, and the
third inductor is used for the boost converter.

7.4.1 Comparison between UPQC and UPQC-DG

The steady-state and various dynamical conditions are imposed on the systems to
investigate and analyze the power losses in different conditions. Those conditions
are categorized as 25% voltage sag, 25% voltage swell, steady-state mode with a
full load, steady-state mode with partial load and change in irradiation up to 40%.
The complete summarized value of conduction losses obtained from the two systems
subjected to different conditions are compared in Table 7.4. The conduction losses
of all the topologies are computed independently using MATLAB simulation, while
the switching losses are calculated separately from experimental formula provided
in section 7.3. All these losses are summed up and categorized for different cases in
Table 7.5.

7.4.1.1 Performance during dynamic situation

The dynamical performance of UPQC–DG during voltage sag is shown in Fig. 7.8.
The voltage sag occurs at t = 0.45s, and it has been noticed that voltage is injected by
DVR (V _sr) to maintain a constant load voltage magnitude. The source current (I_s)
is increased to maintain power balance. A similar case can be observed in the UPQC
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Table 7.4: Conduction Losses Associated with UPQC-DG and UPQC Under Different
Scenarios

Case Duration
(s)

P_L
(kW)

UPQC-DG UPQC
P_s (W) P_PV (W) Losses (W) P_s (W) Losses (W)

Sag 0.45 29.53 15827 15196 1491 30689 1183
Swell 0.45 30.53 16724 15196 1393 31333 833

CH-IR 0.45 30.00 19056 12376 1423 - -
SS-FL 0.45 40.06 11880 15196 1533 41178 1172
SS-PL 0.45 30.02 16256 15196 1422 30956 931
Overall 1.65 33.01 20848 14230 1489 34055 1046

waveform in Fig. 7.7. To compensate for voltage sag, the PI controller maintains
a constant DC-link voltage. The DC-link voltage waveform (V _DC) on the other
hand shows an abrupt transient change. The load current (I_load) is non-linear and
reactive and it is corrected by UPQC-DG shunt APF which results in sinusoidal in-
phase source current (Is).

The performance of UPQC-DG during the change in irradiation is shown in
Fig. 7.9. Solar irradiation changes from 1000 W/m2 to 600 W/m2, causing a re-
duction in PV power output (from 15kW to 12.3kW). The amplitude of DC-link
voltage (V _DC) and load voltage (V _load) are maintained at the desired level. A
total power loss of 9.33% is observed when both inverter (shunt VSI and series VSI)
of UPQC-DG and boost converter are in operation.

Figure 7.7: Waveform of UPQC during sag (25%).
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Figure 7.8: Waveform of UPQC-DG during voltage sag (25%).
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Figure 7.9: Waveform of UPQC-DG during change in PV irradiation (40%).



Draft

Chapter 7. Examining the Power Losses of UPQC and UPQC- DG: A Comparative
Study

127

Ta
bl

e
7.

5:
To

ta
lP

ow
er

L
os

se
s

(C
on

du
ct

io
n

L
os

s
+

Sw
itc

hi
ng

L
os

s)

C
as

es
U

PQ
C

U
PQ

C
-D

G
U

PQ
C

-I
D

G
U

PQ
C

%
L

os
sU

PQ
C

-D
G

%
L

os
s

U
PQ

C
-I

D
G

%
L

os
s

C
_L

(W
)S

W
_L

(W
)}

To
ta

l(
W

)C
_L

(W
)S

W
_L

(W
)T

ot
al

(W
)C

_L
(W

)S
W

_L
(W

)T
ot

al
(W

)
Sa

g
11

83
11

60
23

43
14

91
14

16
29

08
21

32
25

87
47

19
7.

93
9.

84
15

.9
8

Sw
el

l
83

3
92

9
17

62
13

93
13

51
27

44
19

63
19

98
39

61
5.

77
8.

99
12

.9
7

C
H

-I
R

-
-

-
14

23
13

75
27

44
20

27
20

36
40

63
-

9.
33

13
.5

4
SS

-F
L

11
72

90
4

20
76

15
33

13
86

29
19

23
24

24
28

47
52

5.
18

7.
29

11
.8

6
SS

-P
L

93
1

96
8

18
99

14
22

13
86

28
08

21
26

20
11

41
37

6.
33

9.
35

13
.7

8
O

ve
ra

ll
10

46
13

28
23

74
14

78
18

07
32

85
22

38
27

50
49

88
7.

19
9.

95
15

.1
1



Draft

Chapter 7. Examining the Power Losses of UPQC and UPQC- DG: A Comparative
Study

128

7.4.1.2 Analysis of power losses and comparison

The conduction loss comparison of conventional UPQC and UPQC-DG is illustrated
in Table 7.4. As per Table 7.5; Summarized total power (switching and conduction)
losses under different cases are detailed as under;

• Sag: In the first condition, a sag of 25% is imposed on both the systems.
The decreased source voltage (V_s) can be observed in Fig. 7.8. The power
losses that occurred during voltage sag are much more significant than the
other conditions imposed as the source current magnitude increases, raising
the conduction and switching losses. Under this condition, a source power of
15.8 kW and 30.68 kW is observed in UPQC-DG and UPQC respectively. The
total power loss obtained during the occurrence of voltage sag in UPQC-DG is
9.84% and in UPQC, it is 7.93%.

• Swell: Under this scenario, a voltage swell of 25% is subjected to the sys-
tems. As the magnitude of the source current decreases, the source power
in UPQC and UPQC-DG rises to 31.33 kW and 16.72 kW respectively. The
power loss is comparatively minimal due to reduced rms current in shunt and
series inverter. In UPQC-DG, total power losses during voltage swell is 8.99%,
while in UPQC, total power loss is 5.77%. In both the conditions, the shunt
APF compensates for active/reactive power along with harmonic elimination
of load current.

• CH-IR: In UPQG-DG, the variation in irradiation of the PV array is intro-
duced. The variation occurred for the duration of 0.45 s. This causes a de-
crease in the PV power output, which leads to a decrease in the current fed
to the grid. In the shunt APF, there is a dramatic drop in current causing a
switching loss of 4.58% and conduction loss of 4.74%. A overall power loss
of 9.33% is observed in this case.

• SS-FL: The performance of the system in steady-state with full load is evalu-
ated for 0.45 s. It is observed that power delivered from the PV is nearly 15
kW. In this state, the system is not exposed to any dynamical constraints during
simulation. The load power and source power are 40.06 kW and 11.88 kW re-
spectively. During this condition, the total percentage power loss in UPQC-DG
and UPQC are 7.29% and 5.18% respectively.
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• SS-PL: When the system is subjected to steady state partial load, proportion-
ally higher power losses are detected (UPQC-DG: 9.35% and UPQC: 6.33%)
because the load power gets reduced.

• Overall: A combination of all the conditions mentioned above is imposed on
both the systems. The time duration for this condition is set for 1.65 s with
a reduction in irradiation of 40% employed on the system. The individual
duration of simulation under overall scenario case considered as SS-FL (0.4
s) + Sag (0.2 s) + Swell (0.1 s) + SS-PL (0.85 s) + CH-IR (0.1 s). In terms
of comparison, UPQC-DG has overall losses of 9.95% which is higher than
traditional UPQC with having 7.19%, however the difference is considerable.

7.4.2 Comparison between UPQC-DG and UPQC-IDG

Power losses are compared between UPQC-DG and UPQC with PV integrated using
an independent DG inverter (UPQC-IDG). Table 7.6 presents the conduction losses
in UPQC-IDG for different operating conditions. It can be observed that UPQC-
IDG has more conduction losses than UPQC-DG. The involvement of three inverters
(shunt VSI, series VSI, and grid-tie inverter for separate PV) and one DC-DC boost
converter is the main reason for the increased power dissipation in UPQC with in-
dependent PV. Indeed, having more converters results in increased power losses and
tends to increase harmonics. On the occurrence of the sag, the rms current in the
DVR switch and DSTATCOM switches is 64 A and 31 A respectively, if compared
to the DVR and DSTATCOM switch of UPQC-DG having the current of 25.9 A &
22.2 A respectively. Furthermore, a substantial rms current of 71.5 A and 34.5 A
in series and shunt inverters respectively caused by changes in sun irradiation. As a
result, the switching losses in UPQC-IDG are higher than in UPQC-DG/UPQC (see
Table 7.1 & Table 7.2). Another reason for higher power losses with UPQC-IDG
is that maintaining the separate DC-link for the DG inverter requires more power,
which raises the current. Furthermore, due to the issue of intermittency, the inde-
pendent PV continuously distorts the grid voltage. Total percentage losses have been
summarized in Table 7.5 for different cases discussed.
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Table 7.6: Conduction Losses Associated with a UPQC-IDG Under Different Scenarios

Case Duration P_L UPQC with separate PV
(kW) P_s (W) P_PV (W) Losses (W)

Sag 0.45 29.48 17513 14107 2132
Swell 0.45 30.57 18436 14107 1963

CH-IR 0.45 30.02 20149 11896 2027
SS-FL 0.45 40.02 28244 14107 2324
SS-PL 0.45 30.04 18062 14107 2126
Overall 1.65 33.02 25000 10261 2238

7.5 Real Time Simulation Results and Discussion

The performances of UPQC-DG and UPQC are validated in real-time simulation in
order to verify the power losses obtained in Table 7.5. The system has been im-
plemented on high speed FPGA based computational engine of Opal-RT (OP-4510)
(Fig. 7.10) to compare the losses in transient as well as in steady-state conditions
with a time step of 15 µs. The parameters of real-time simulation is given in Ap-
pendix B. The DSO results are obtained from the analog output of the simulator.
Table 7.7 presents the real time simulated power losses data of UPQC and UPQC-
DG. The average power losses (W) are determined by taking the difference between
load power (PL) and source power (Ps) for UPQC, while power losses in UPQC-DG
are evaluated by subtracting the load power (Ps) from the sum of source power (Ps)
and PV power (PPV ).

Figure 7.10: Real time simulator for validation.
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Table 7.7: Real Time Simulated Power Losses of UPQC-DG and UPQC Under Different
Scenarios

Cases Duration
(s)

P_L
(kW)

UPQC-DG UPQC UPQC-DG
% Loss

UPQC
% LossP_s (W) P_PV (W) Losses (W) P_s (W) Losses (W)

Sag 0.45 34.14 22735 14790 2238 36120 1041 6.79 2.96
Swell 0.45 37.34 24803 14798 2257 37974 632 6.04 1.69

CH-IR 0.45 36.23 26397 11998 2157 - - 5.95 -
Overall 1.65 38.11 26232 14096 2212 38945 827 5.80 2.17

Four different scenarios are considered for computing the losses which are as fol-
lows: (1) 25% sag (2) 25% swell (3) change in irradiation (4) overall scenarios (com-
bination of sag, swell, irradiation change and load change). Waveforms of real-time
simulation under sag and swell conditions for UPQC-DG and UPQC are shown in
Fig. 7.11. To compare the power loss dissipation with PAC and without PAC method
in UPQC-DG (Fig. 7.12), the overall scenario is considered and the corresponding
computed losses are recorded in Table 7.8.

7.5.1 Loss comparison between UPQC-DG and UPQC using real
time simulation

Waveforms for a voltage sag of 25% for a duration of 0.45 s are shown in Fig. 7.11a &
Fig. 7.11c. As observed, the load voltage (VL) remains undisturbed with an increase
in series APF voltage which is in phase with the voltage source (Vs). The DC-link
voltage experiences an undershoot for a short duration which restores back in a short
time. A power loss of 6.79% occurs in UPQC-DG and 2.96% in UPQC. On the
occurrence of voltage swell, the DC-link voltage experiences an overshoot of 15V,
as shown in Fig. 7.11b & Fig. 7.11d. The series APF starts compensating the load
voltage by providing the opposite phase voltage. In voltage swell condition referring
to Table 7.7, UPQC-DG has 6.04% power loss recorded if compared to 1.69% in
UPQC. The sag condition generates more losses because of a sudden increase in the
rms current of inverter switches.

In the case of varying irradiation, the active power fed to the grid from the PV
source is reduced which causes an increase in the source current. Due to this, a
power losses of 5.95% are observed in UPQC-DG. In this condition, the source
power and power losses of UPQC remained zero as there is no PV connected. As
seen in Table 7.7, for an overall scenario, UPQC-DG (5.80%) suffered significantly
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more power losses than UPQC (2.17%). The computation confirms that UPQC-DG
incurred greater power losses than UPQC.

(a) (b)

(c) (d)

Figure 7.11: Real time simulation result of (a) UPQC-DG during sag of 25%. (b) UPQC-
DG during swell of 25%. (c) UPQC during sag of 25%. (d) UPQC during swell of 25%.

(a) (b)

Figure 7.12: Real time simulation result of UPQC-DG (a) without PAC approach. (b)
with PAC approach.
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Table 7.8: Real Time Simulated Power Losses of UPQC-DG with PAC and without PAC

Controller Duration
(s)

P_L
(kW)

UPQC-DG % Loss
P_s (W) P_PV (W) Losses (W)

UPQC-DG with PAC 1.65 37.60 25714 14091 2207.30 5.87
UPQC-DG without PAC 1.65 38.11 26244 14091 2220 5.82

7.5.2 Loss comparison for UPQC-DG with and without PAC ap-
proach using real time simulation

The performance of UPQC-DG under PAC and without PAC approach have been val-
idated in real time simulation in order to compare the power loss dissipation in the
system. Losses are computed for the overall case inclusive of sag, swell, change in
load with varying irradiation and the corresponding evaluated power losses are listed
in Table 7.8. Waveforms shown in the Fig. 7.12a depicts that model initially is oper-
ated in steady-state condition with partial load. The series inverter compensates for
active power and the shunt inverter supports reactive load power. On the occurrence
of sag, the series inverter operates in normal mode to compensate for the required
voltage. However, in UPQC-DG with PAC approach, the compensation of reactive
power is supported both by shunt and series APF (Ish & Vsr) in steady-state as well
as in transient conditions as shown in Fig. 7.12b. Similar phenomena emerges when
the system is exposed to voltage swell. With the following condition, sun irradiation
is varied to observe substantial changes in the system. The source current (Is) tends
to increase due to the decrement in power from PV. On changing from partial load
to full load, the source current and load current (IL) escalates abruptly. An increase
in load widens the losses in the shunt APF of UPQC-DG administered by power an-
gle control δ . From Fig. 7.12b, it can be clearly observed that during the case of
steady-state with full load, the reactive power demand is shared between series APF
and shunt APF (see waveform of Vsr and Ish) which intensively increases the rms
current in both the inverters. The PAC strategy causes 5.87% power losses in UPQC-
DG while the non-PAC approach causes 5.82% power losses. This demonstrates that
the UPQC-DG with the PAC approach suffers from somewhat higher losses than the
UPQC-DG without PAC approach.
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7.6 Summary

The performance of UPQC-DG and UPQC is investigated in various operating con-
ditions under non-linear load for the study of power losses. The applied control
algorithms are successfully able to compensate for the current and voltage PQ prob-
lems along with the integration of solar PV. The power losses computed are inclusive
of conduction losses, switching losses and losses in passive filtering elements. If we
look at overall losses of UPQC and UPQC-DG then it is found that the connection of
DG at the DC link of UPQC lead to significant additional losses. The overall power
loss of UPQC-DG is 5.80% and UPQC is 2.17% in real time simulation. In Matlab
simulation the corresponding values are 9.95% and 7.19% respectively. The loss dif-
ference is significant in both cases. The PAC approach generates more power losses
in UPQC-DG as compared to those without PAC controller. Despite more power
losses, the UPQC-DG arrangement is more practicable for real-world distribution
systems because the combination of PV and shunt APF reduces the cost of an addi-
tional power circuit to a level that is economically viable. PV injects active power
into the grid, improving grid power quality and limiting load harmonic current, which
is impossible to achieve with UPQC. Moreover, in the configuration of UPQC with
separately integrated PV, higher power losses (15.11%) are observed, demonstrating
the unsuitability of implementation in practical application in the distribution system.
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Chapter 8

Exporting Reactive Power to Grid with using
UPQC-DG

8.1 Preamble

Electricity has become an integral part of modern life and thus quality and reliability
of electric power are important aspects of the concept of smart grid, designed to
cater to the necessities of the modern world. These two goals of smart grid- the
power quality and reliability can be met using state of art technologies such as Active
Power Filters (APFs) and distribution level grid integration of renewable sources
respectively [1–5]. APFs are proven solutions for compensating for power quality
issues [6]. Shunt APF primarily compensates for load current related power quality
problems such as poor power factor (or compensating reactive power of the load),
unbalance, and harmonics. Series APF compensates for source voltage related power
quality issues such as voltage sag, swell, unbalance, and harmonics. Unified Power
Quality Conditioner (UPQC) is a combination of series and shunt APFs connected in
back-to-back configuration and sharing a common DC link [7, 8]. UPQC combines
the benefits of both series and shunt APFs and reduces the burden of maintaining two
DC links.

UPQC-DG is a further advanced topology of UPQC, which allows DG integra-
tion via common DC link [9]. In UPQC-DG topology, the shunt APF feeds the
power supplied by DG to the grid and thus this topology avoids the use of additional
complex grid-tie inverters [10] for interfacing the DG and saves the overall cost.

Power Angle Control (PAC) method has been devised for UPQC to share VA
burden between series and shunt APFs of the UPQC [11–14]. PAC method becomes
specifically significant in the case of UPQC-DG because feeding DG power through
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shunt APF increases its VA burden. The PAC method also helps in optimizing the
overall size and cost of UPQC and UPQC-DG [15, 16].

UPQC and UPQC-DG both have been researched for possible applications in
power quality, microgrid, and renewable energy integration [17–22]. Though solar
PV has been the most popular renewable source for UPQC-DG due to its simplicity,
other sources of distributed generation like wind have also been considered for their
combined integration with UPQC [23–25]. All these applications have focused on
providing quality voltages to the load and drawing distortion-free, balanced currents
from the source at unity power factor.

However, the smart grid scenario expects that customer devices participate in an-
cillary services like providing reactive power support to the grid whenever required.
Incorporation of reactive power support to the grid for purpose of grid-side voltage
regulation using the iUPQC approach has been demonstrated in [26], but the reactive
power supplied is not controllable but is dependent on the amount of voltage drop.
Apart from this, the iUPQC controllers are complex because of using shunt APF in
voltage control mode and series APF in current control mode [27–29]. Simple, con-
ventional, and versatile UPQC is based on using shunt APF in current control mode
and series APF in voltage control mode for compensating current and voltage based
power quality issues respectively.

This chapter focuses on incorporating the feature of reactive power support to the
grid in UPQC-DG as part of ancillary services in the modern smart grid scenario.
The key features of the proposed method are:

• In addition to compensating load reactive power, the UPQC-DG can supply
reactive power to the grid, when required.

• Reactive power is supplied to the grid on demand from grid-operator, so the
amount of reactive power exported is flexible as per the requirement from the
grid.

• Reactive power can be supplied to the grid under normal operating conditions
(even if there is no fault or sag in grid voltage), if the grid requires it as an
ancillary service (to take care of reactive power balance or power losses).

• To control and regulate the reactive power to the grid as per the set-point, an
additional PI controller is added in the controller.
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(a) UPQC-DG

(b) UPQC-DG with PAC

(c) UPQC-DG with reactive power support to grid under PAC

Figure 8.1: Active and reactive power flows under different control paradigms of UPQC-
DG

• To take care of additional VA burden due to reactive power supply to the grid,
power angle control is adopted, which utilizes series APF of UPQC-DG in
generating reactive power.

Figure 8.1 illustrates the specific contribution of the proposed work through the



Draft

Chapter 8. Exporting Reactive Power to Grid with using UPQC-DG 140

steady-state flows of active and reactive power in a UPQC-DG based system. In con-
ventional UPQC-DG, active power is taken from the grid and DG the sum equals
to load active power demand if losses are neglected. The load reactive power, in
conventional UPQC-DG, is fully compensated by shunt APF and no reactive power
is drawn from the grid [21] (Fig .8.1a). When UPQC-DG functions under the PAC
approach, the series APF participates in reactive power compensation and reactive
power exchange with the grid is still zero [18, 20] (Fig. 8.1b). In the proposed work,
the reactive power is supplied to the load as well as the grid (when there is a require-
ment from the grid), and the total reactive power burden is shared by series and shunt
APFs of the UPQC-DG (Fig. 8.1c). The reactive power fed to the grid is controllable
to meet the variable need of the grid. Since the total reactive power burden is more in
the proposed case, the PAC method is employed to share it between series and shunt
APFs.

Some of the disadvantages of the proposed method are: the increase in complex-
ity of the control, the increase in the number of PI controllers & difficulty in involved
in tuning, and the increase in the value of the angle between source and load voltages
to cater to the higher amount of reactive power sharing between two APFs.

The subsequent section of the chapter is organized in the following manner:
section 8.2 presents the configuration of a solar PV based UPQC-DG used in the
work, section 8.3 explains the proposed control method with its subparts, section 8.4
presents the real time validation results, and section 8.5 concludes the work.

8.2 UPQC-DG configuration

In this work, a Solar PV tied UPQC configuration has been considered (Fig. 8.2).
Though, in general, a DG based system includes a mixture of different DG sources,
in this work only solar PV is considered, since the work mainly focuses on providing
reactive power support to the grid via UPQC-DG system. With suitable modifica-
tions, the proposed work can be extended for a more complicated system having
more DGs. UPQC-DG configuration is based on three-phase, three-wire supply sys-
tem. PV is connected to the DC link of the UPQC through a Boost DC-DC converter,
which is responsible for tracking maximum power point of PV and matching PV
output voltage with DC link voltage of the UPQC-DG. Three power electronic con-
verters of the configuration, shown with yellow-shade, are- series APF, shunt APF
and Boost converter. DC link capacitor eliminates the need of output capacitor filter
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Figure 8.2: Configuration of three-phase, three-wire UPQC-DG with solar PV as a DG

for Boost converter. Control of all these converters, except boost converter is dealt in
next section. Boost converter is controlled using conventional Perturb and Observe
(P&O) technique to track maximum power point of solar PV array.

8.3 Proposed Control of UPQC-DG with Reactive Power
to Grid Option

Control approach proposed in this work incorporates reactive power support to grid
option in UPQC-DG. Since, in general, shunt APF of UPQC-DG is responsible for
supplying reactive power demand and power generated by DG, proposed method
adopts PAC method to share its reactive power burden with series APF. Overall con-
troller block diagram appears in Fig. 8.3, which has been divided in three sub-parts
that are explained in detail in following subsections:

8.3.1 Estimation of Power Angle

PAC method facilitates the series converter to inject series voltage in quadrature with
source current in order to supply a part of reactive power demand of load. This phe-
nomenon creates a phase difference between supply voltage and load voltage called
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power angle. The equation used for computing power angle requires the magnitude
of load active power, PV output power and reactive power supplied by series con-
verter as shown in Eq. (8.1) [18].

δD = sin−1
(

QSr

PL−PDG

)
= sin−1

(
QSr

PL−PPV

)
(8.1)

The estimation of reactive power delivered by series converter when it is shared in
proportion to VA rating of the converters of UPQC-DG is given by the Eq. (8.2),
where QL is load reactive power and λ is ratio of series converter rating to the sum
of VA ratings of series and shunt converter. Conclusively, the desired power angle is
calculated using Eq. (8.3).

QSr =
QLSSr,rated

SSr,rated +SSh,rated
= λQL (8.2)

δD = sin−1
(

λQL

PL−PPV

)
(8.3)

The maximum allowable power angle is confined by voltage and kVA rating of
the series converter (Eq. 8.4). k′max is ratio of rated voltage of the series converter to
reference load voltage.

δM = cos−1

[
1+ k2− k′max

2

2k

]
(8.4)

So, the maximum power angle is calculated based on the conditions needed to meet
voltage output and VA limits of series APF of UPQC-DG in Eq. (8.5):

δM = cos−1

1+
(

VS
VL,rated

)2
−
(

VSr,rated
VL,rated

)2

2
(

VS
VL,rated

)
 (8.5)

The final value of power angle (δ ) is found by taking the minimum of the two-
the desired power angle (δD) and the maximum power angle (δM).

8.3.2 Series APF control

A simple control algorithm of Unit vector template generation [30] for series APF
is shown in the Fig. 8.3. This techniques is implemented to generate desired PWM
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Figure 8.3: Proposed controller of UPQC-DG with provision of reactive power support
to grid

pulses to control series APF for eliminating undesired components from the supply.
The three-phase unit vector synchronized with PCC voltage by three phase PLL to
generate three-phase fundamental signal, which later amplified using the amplitude
of load voltage. The required switching gate pulse is generated by PWM controller,
which compares the resultant three-phase time varying reference load voltage and its
measured counterpart as inputs.
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8.3.3 Shunt APF control

The proposed controller uses Synchronous Reference Frame theory (SRF) [31] based
control method for shunt APF (Fig. 8.3). In SRF method measured load currents are
first converted from abc to dq0 frame for extraction of fundamental and in-phase
component in d-axis. The obtained d-axis load current (ILd) is algebraically summed
with PV current (IPV ) and internal DC link current IDC (representing power losses) to
produce desired d-axis component, which gives desires source currents after dq0 to
abc transformation. The equation for abc to dq0 transformation (commonly known
as Park’s transformation [32] is shown below:ILd

ILq

IL0

=
2
3

sinαt sin(αt− 2π

3 ) sin(αt + 2π

3 )

cosαt cos(αt− 2π

3 ) cos(αt + 2π

3 )

1/2 1/2 1/2


ILa

ILb

ILc

 (8.6)

Park’s transformation requires ramp signal synchronized with reference sinusoidal
waveform, which is load voltage. In control approaches without PAC, the load and
source voltages are in phase and thus ωt signal generated by PLL on source volt-
age is taken for Eq. (8.6) but in PAC approaches this needs to be added by power
angle, the phase difference between load and source voltage [33]. Similarly, abc
to dq0 transformation (Inverse Park’s transformation) is carried out using following
equation: Isa

∗

Isb
∗

Isc
∗

=

 coswt sinwt 1
cos(wt− 2π

3 ) sin(wt− 2π

3 ) 1
cos(wt + 2π

3 ) sin(wt + 2π

3 ) 1


Id
∗

Iq
∗

I0
∗

 (8.7)

Shunt APF control incorporates two PI controllers: one responsible for regulating
DC link voltage and another for regulating reactive power supplied to source. PI
controller for regulating DC link voltage is a conventional one, which is inevitable
for functioning of UPQC. Output of this PI controller is a current which represents
the power losses in UPQC-DG and is added to the d-axis load current.

PI regulator for source reactive power is additionally added in present work to
obtain precise control of reactive power supplied to the grid. This PI controller takes
input as the error between measured and reference value of source reactive power
and outputs a q-axis reference source current corresponding to the reference reactive
power. The q-axis component of the current is responsible for the reactive power and
when aiming to keep unity power factor at source this component is kept zero and
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Table 8.1: System parameters

System Component Specifications

1. Source 3-phase, 415 V, 50 Hz
2. Load-1 3-phase R-L load, 12 kW, 10 kVAR
3. Load-2 3-phase R-L load, 6 kW, 6 kVAR
4. Load-3 3-phase diode rectifier, 12.5 kW
5. DC-Link of UPQC-DG 700 V, 5.5 mF
6. Interfacing filters of shunt APF 1.4 mH, 5 Ω, 20 µF
7. Interfacing filters of series APF 3.0 mH, 4 Ω, 80 µF
8. Solar PV array 15.26 kW, Vmpp = 547 V, Impp = 27.9 A

thus no PI controller is required in that case. However, to set a non-zero value of
reactive power a corresponding q-axis component of the current is computed by the
additional PI controller used in this work. The reference reactive power is a signal
received from grid-operator, which varies based on requirement of the grid.

Of course, three-phase reactive power can be expressed in terms of d-q frame
voltage and currents using equation: QS = −3

2 VdId , by which q-axis current can be
directly be computed based on required reactive power, but the actual value of reac-
tive power supplied will be different due to inherent circuit parameters not taken care
of in the computation. So, a PI controller will still be required to adjust the value
of q-axis current to bring reactive power to the desired value. Since, PI controller
alone is able to effectively adjust the q-axis current, equation based computation,
which also requires computation of d-axis voltage, is avoided in this work to reduce
burden on the controller. Effectiveness of proposed method is shown using real time
simulations presented in next section.

8.4 Real-time Simulation Results

Real-time simulation using Opal-RT validates the proposed reactive power support
to gird concept for the UPQC-DG system. A multi-rate validation of the system is
performed in Opal-RT, in which the controller executes at 15 µs time step and elec-
trical circuit is simulated at 0.5 µs time step (Fig. 8.4). Controller provides control
signals (PWM outputs) to the circuit and it receives measurements from the circuit.

The specifications of system parameters for the case study are shown in Table 8.1.
A three phase Unified quality conditioner with AC line voltage source of 415V (rms)
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Figure 8.4: Real time simulation set-up

at 50 Hz is designed for the linear load of 12 kW, 10 kVAR and 6 kW, 6 kVAR and
for nonlinear load of 12.5 kW. The DC bus capacitor of 5.5 mF of 700 V is adopted to
provide support to overall functioning of UPQC-DG. The interfacing filters required
for two VSCs, which are working as shunt APF and series APF are highlighted in
the Table 8.1. For distributive generation, a solar PV array of 15.26 kW is considered
for the research.

8.4.1 Steady-state results

Steady state performance of proposed UPQC-DG system with reactive power support
to grid is shown in Fig. 8.5. Steady state comprises of all three loads connected to
the system and solar PV array operating at standard operating point (at 1000W/m2,
25°C). In steady state shunt APF compensates for load current harmonics and reac-
tive power and also supplies reactive power to the grid. Part of total reactive power
(load and grid) is supplied by the series APF and therefore its output voltage is in
quadrature with the source current. Load voltage leads the source voltage by power
angle, indicating the use of PAC method in UPQC-DG. The reactive power supplied
to the grid is 10 kVAR, and so the source current leads the source voltage. As oppose
to active power from the source, the reactive power is negative because it is supplied
to the source (grid).



Draft

Chapter 8. Exporting Reactive Power to Grid with using UPQC-DG 147

(a) Shunt APF compensates for current related is-
sues.

(b) Steady state compensation provided by series
APF.

(c) Source active and reactive powers.

Figure 8.5: Steady state compensation performance of UPQC-DG.

8.4.2 Performance of reactive power regulator

When reactive power demand from the grid is altered, the reference reactive power
to PI controller changes and accordingly the reactive power to the grid changes. Dy-
namics of reactive power change following the alterations in the reference is shown
in Fig. 8.6. When reactive power reference is changed in step fashion from -10 to
-6 kVAR, the actual source reactive power follows the reference after experiencing
an undershoot of 1 kVAR and settling within 2 cycles (Fig. 8.6a). Source current
experiences a phase shift but settles within 2 cycles. A similar dynamics is observed
when reactive power reference is changed from -6 to -10 kVAR (Fig. 8.6b).

8.4.3 Results for other system dynamics

Dynamic performance of proposed system is validated under four commonly oc-
curring disturbances in UPQC-DG system: voltage sag, swell, change in load and
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(a) Decrease in reactive power to grid. (b) Increase in reactive power to grid.

Figure 8.6: Alterations in reactive power supplied to grid.

change in solar irradiation (Fig. 8.7). When a sag of 25% occurs on the grid side
voltage (VS), the load voltage is maintained constant by series APF’s compensation
(Fig. 8.7a). Due to voltage sag, output voltage of series APF changes to accom-
modate the voltage sag compensation, thus reactive power sharing is affected and
source reactive power experiences an overshoot of 0.55 kVAR but settles within 1.5
cycles. A similar dynamics is observed for voltage swell condition, except that an
undershoot occurs in source reactive power on occurrence voltage swell (Fig. 8.7b).
For a 25% voltage swell, an undershoot of 0.45 kVAR is observed which also settles
within 1.5 cycles.

For evaluation of performance during change in load, load-2 is introduced while
load-1 and load-3 were already connected. Due the increase in load, the load cur-
rent and the current drawn from the source increase, but the source reactive power
remains constant except slight variation (Fig. 8.7c). Similarly, when solar irradia-
tion is reduced from 1000 to 600 W/m2, the source current increases to compensate
for reduction in PV output power, but the source reactive power remains the same
(Fig. 8.7d).

Performance of other PI controller, responsible for DC link voltage regulation, is
shown in Fig. 8.8, for voltage sag condition. On occurrence of 25% voltage sag, the
DC voltage goes through an undershoot of 8 V, but settles to steady state value within
one cycle.
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(a) Voltage sag (b) Voltage swell

(c) Change in load (d) Change in solar irradiation

Figure 8.7: Dynamic performance under various disturbances

Figure 8.8: DC link voltage regulation of UPQC-DG during voltage sag

8.4.4 Benefit of PAC method

Benefit of using power angle control is found after analyzing the VA loading of series
and shunt APFs of UPQC-DG for two cases: when PAC method is used and when it
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Table 8.2: VA loading of series and shunt APFs of UPQC-DG under different operating
conditions for proposed PAC method and without PAC approach

Operating condition With proposed PAC Without PAC
SSr (kVA) SSh (kVA) SSr (kVA) SSh (kVA)

1. Steady state with PV 2.1+j4.8 12.8+j20.2 -0.1+j0.0 15.1+j25.1
2. Steady state without PV 1.2+j5.5 -1.45+j19.9 0.0-j0.2 -0.2+j25.3
3. Voltage sag with PV 7.0+j1.0 7.6+j23.6 4.8-j3.2 9.9+j27.9
4. Voltage sag without PV 11.6+j4.0 -12.1+j20.7 10.0-j3.6 -10.8+j28.4
5. Voltage swell with PV -2.2+j3.8 17.2+j21.7 -3.2+j2.2 18.1+j23.6
6. Voltage swell without PV -5.2+j5.3 4.9+j20.0 -6.1+j1.8 5.8+j23.7

is not used. Results of such an analysis for key operating conditions of UPQC-DG
is presented in Table 8.2. The steady state includes all three loads, and voltage sag
and swell are of 25% of the nominal voltage. Complex VA loading of series and
shunt APFs are found for all these cases considering full presence and absence of
PV power. The kVA loading magnitudes are shown in Table 8.3 correspondingly. In
proposed PAC, maximum VA loading (magnitude) of series APF is 12.27 kVA for
the case of voltage sag without PV, and maximum VA loading of shunt APF is 27.69
kVA for voltage swell with PV. Thus, the rating of UPQC-DG for proposed PAC
is 39.96 kVA. Without using PAC method, the maximum VA loading of series and
shunt APFs are found to be 10.63 kVA and 30.38 kVA, for the case of voltage sag
without PV and the rating of UPQC-DG is 41.01 kVA. So, proposed PAC method
gives 2.57% reduction in rating of the UPQC-DG. Also, utilization of series APF
is found better in proposed PAC method. The improvement obtained in VA ratings
might seem insignificant but it is system-specific, specifically when UPQC-DG is
utilized for reactive power support to grid. The improvement can be enhanced further
by optimizing design and control of the system. PAC methods in other UPQC-DG
based works have reduced the VA ratings by 5% [16].

8.5 Summary

In this chapter, a UPQC-DG system with the additional functionality of providing
reactive power support to the grid is demonstrated. The proposed UPQC-DG sys-
tem not only compensates for conventional voltage and current based power quality
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Table 8.3: kVA loading (magnitude) of series and shunt APFs of UPQC-DG under dif-
ferent operating conditions for proposed PAC method and without PAC approach

Operating condition With proposed PAC Without PAC
SSr (kVA) SSh (kVA) SSr (kVA) SSh (kVA)

1. Steady state with PV 5.24 23.91 0.10 29.29
2. Steady state without PV 5.63 19.95 0.20 25.30
3. Voltage sag with PV 7.07 24.79 5.77 29.60
4. Voltage sag without PV 12.27 23.98 10.63 30.38
5. Voltage swell with PV 4.39 27.69 3.88 29.74
6. Voltage swell without PV 7.42 20.59 6.36 24.40

issues but integrates renewable energy into the distribution system and provides an-
cillary service of reactive power support to the grid simply and robustly. The amount
of reactive power supplied to the grid is controlled and regulated using an additional
PI controller in the control loop. The control method of UPQC-DG is based on
Synchronous Reference Frame (SRF) theory for shunt APF and Unit Vector tem-
plate Generation (UVTG) for series APF and also incorporates power angle control
to share reactive power burden between series and shunt APFs of the UPQC-DG.
Steady-state, as well as the dynamic performance of the proposed UPQC-DG system,
have been validated using multi-rate real-time simulations carried out in Opal-RT. In
steady-state, the source reactive power precisely follows its set-point, and in dynamic
situations such as a change in set-point, voltage-sag, swell, and changes in load or
irradiation, the peak overshoot and settling time are kept sufficiently small. Maxi-
mum peak overshoot under step change in reference reactive power is determined to
10% and maximum settling time is 2 cycles of power frequency. Also, power angle
control proves to be effective in utilizing series APF in reactive power sharing and
thus reduces the overall rating of UPQC-DG under study by 2.57%.
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Chapter 9

Hardware Validation

9.1 Preamble

Power quality is a critical aspect of modern electrical systems, directly impacting the
efficiency, reliability, and lifespan of both power generation and consumption equip-
ment. With the growing use of renewable energy sources such as solar photovoltaics
(PV), ensuring consistent power quality becomes more difficult due to the intermit-
tent nature of these energy sources. In order to tackle these difficulties, it is crucial to
use modern power conditioning systems such as Unified Power Quality Conditioners
(UPQC) [1, 2] that include Distributed Generation (DG) [3, 4]. This chapter focuses
on validating a hardware prototype of a shunt Active Power Filter (APF) [5–7] that is
combined with a real PV panel. Additionally, the study focuses on utilizing Particle
Swarm Optimization (PSO) [8–10] to fine-tune the proportional-integral (PI) con-
troller of the shunt APF. Another goal optimize the design of the UPQC-DG system
by implementing power angle control.

The Synchronous Reference Frame (SRF) method is widely used for controlling
shunt APFs due to its effectiveness in extracting the fundamental component of the
load current. In the SRF method [11, 12], the load currents are transformed into a
rotating reference frame, making it easier to separate the harmonic components from
the fundamental frequency components. This approach enhances the shunt APF’s
ability to compensate for reactive power and harmonic currents, thereby improving
overall power quality.

The Unit Vector Template Generation (UVTG) method is another technique em-
ployed in series APF control [13]. It involves generating unit vectors synchronized
with the supply voltage to accurately detect and compensate for voltage disturbances
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such as sags, swells, and harmonics. By using the UVTG method, the series APF
can effectively maintain a stable and distortion-free voltage at the load terminals,
ensuring consistent power delivery.

The Synchronous Reference Frame-Power Angle Control (SRF-PAC) method is
a novel approach that combines the advantages of the SRF method with power angle
control to optimize the performance of the UPQC-DG system [14, 15]. This method
adjusts the power angle to control the active and reactive power flow, thereby en-
hancing the stability and efficiency of the integrated system. The SRF-PAC method
is particularly beneficial in managing the power quality issues arising from the inte-
gration of renewable energy sources.

The selection of the PV panel for this study is based on its compatibility with the
shunt APF and its ability to provide a stable DC link voltage under varying environ-
mental conditions. The PV panel’s characteristics, such as its voltage-current (V-I)
curve and maximum power point (MPP), are considered to ensure optimal perfor-
mance when integrated with the shunt APF.

The load selection is crucial for validating the hardware prototype. A represen-
tative load that exhibits typical power quality issues, such as harmonics and reactive
power demand, is chosen to evaluate the effectiveness of the shunt APF and the
PSO-based PI tuning [16]. This load includes nonlinear components that introduce
harmonics, thereby providing a comprehensive test scenario for the UPQC-DG sys-
tem.

Designing the hardware implementation involves careful consideration of vari-
ous parameters, including the ratings of power electronic components, control algo-
rithms, and the overall system architecture. The hardware prototype is designed to
be scalable and adaptable to different load conditions and renewable energy sources.
The benefits of hardware implementation include real-world validation of theoretical
models, performance assessment under actual operating conditions, and the ability
to identify and address practical challenges that may not be evident in simulation
studies.

The PSO-based PI tuning approach is employed to dynamically optimize the PI
controller parameters of the shunt APF. PSO is a robust optimization technique that
mimics the social behavior of birds flocking or fish schooling to find the optimal
solution in a search space [17]. By continuously adjusting the PI parameters, the
PSO algorithm ensures optimal control performance, resulting in improved power
quality and system stability. The use of PSO in this study highlights its advantages
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over traditional tuning methods, such as faster convergence, lower computational
complexity, and better global search capability.

In summary, this study aims to validate a hardware prototype of a shunt APF inte-
grated with a PV panel in section. To demonstrate the effectiveness of the PSO-based
PI tuning approach for the optmial PI parameters using power angle control (PAC).
The technical insights gained from this validation will contribute to the development
of more efficient and reliable power conditioning systems, ultimately enhancing the
power quality and stability of electrical grids with high penetration of renewable en-
ergy sources.

9.2 Hardware Validation of PV fed Shunt APF

The configuration of a shunt APF integrated with a photovoltaic (PV) system is de-
signed to enhance the overall power quality and efficiency of electrical systems. In
this configuration, the PV system is connected to the DC link of the shunt APF. The
single diagram of the system is shown in the Fig. 9.1. The output voltage of the PV
is arranged in such as way that it matches with the voltage of DC voltage link so
it eliminated the need of DC-DC boost converter. This setup simplifies the config-
uration but requires careful selection and sizing of PV array to ensure stability and
efficient power quality management. The DC link acts as a common node where the
PV system and the shunt APF interface. To prevent reverse power flow into the PV
array, a diode is added in between the PV and DC link.

In this hardware model, the DC link voltage varies according to a variable ref-
erence value, which depends on the MPP of the PV array. The specification of the
WAARRI SS 335 PV module is shown in Table 9.1. Three PV modules are con-
nected in series to form a string to develop a complete PV array of 1.1 kW with an
output voltage of 100 V under standard irradiation and temperature conditions.

This configuration can reduce complexity and cost while maintaining effective
power quality improvement and maximizing the utilization of renewable energy.
However, the success of this integration heavily relies on inverter control techniques
to ensure stability and efficient operation. The shunt APF is connected to the point
of common coupling (PCC) where it can inject compensating currents to cancel out
harmonics and reactive power caused by nonlinear loads.

The main purpose of the hardware prototype are as follows:

• To validate hardware setup of PV fed shunt APF.
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• To compensates for current harmonics by injecting anti-phase harmonics into
the grid, thereby canceling out distortions caused by nonlinear loads.

• To compensate reactive power to improve power factor and reduce the burden
on the grid.

• It balance imbalanced currents in the system, ensuring that the current flowing
through all phases is equal.

Figure 9.1: The configuration of the shunt APF integrated with PV

Table 9.1: Specifications of solar PV module

Maximum power (Pmax) 335 W
Open circuit voltage (Voc) 46.80 V

Short circuit current 9.30 A
Maximum Power Voltage (VMPP) 38.10 V
Maximum Power Current (IMPP) 8.80 A

Maximum System Voltage Weight 1500 VDC

9.2.1 Shunt APF control

The shunt APF is often controlled using the Synchronous Reference Frame (SRF) ap-
proach, as seen in Fig. 3. The SRF approach employs Park (Eq. 9.1) and inverse park
transformations (Eq. 9.2) to convert the load currents into a rotating reference frame.
This transformation enables the isolation of harmonic components and the funda-
mental frequency component. By extracting the direct and quadrature components
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of the current, the APF can generate shunt APF reference currents that are injected
back into the grid to counteract the unwanted harmonics and maintain a sinusoidal
waveform. The specific details of the SRF approach are elucidated in Chapter 3.ILd
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9.2.2 Result Discussion

The validation of a shunt APF integrated into a photovoltaic (PV) system is per-
formed using hardware setup as shown in the Fig. 9.2. It involves several critical
steps to ensure effective operation and performance. The SRF control technique has
been implemented using Opal-RT 4510. The sample time for the control is taken as
16 µs. Measurement are taken from the N4L PPA500 Power Analyzser and oscil-
loscope. The gate pulse are provided to the shunt converter by digital output of the
FPGA based controller. Key performance indicators, such as harmonic distortion,
reactive power compensation, and voltage stability, are measured and analyzed. The
design of interface inductors and RC filters, used at the output of converters, has been
performed according to the methodology outlined in [2].

The setup has been connected to the rectifier load and RC load to verify the per-
formance. Key performance metrics, such as harmonic distortion, reactive power
compensation, and voltage stability, are tracked and assessed in real time operation.
Voltage and current are measured using LV-25P and LA-25P sensors that are con-
nected across load, source and converter outputs.

As illustrated in Fig. 9.3, the steady-state results demonstrate that the integrated
shunt APF with PV system effectively mitigates power quality issues by compen-
sating for harmonics and reactive power while maintaining a stable DC link voltage.
The system actively filters out harmonic currents and compensates for reactive power
in the source current by injecting currents that are equal in magnitude but opposite in
phase to the harmonic currents drawn by the load, thereby canceling them out. As a
result, the source current waveform becomes nearly sinusoidal, closely aligning with
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Figure 9.2: Hardware setup of PV fed shunt APF

the voltage waveform (Fig. 9.3a). However, the source current waveform remains
out of phase with the source voltage, indicating that the PV system is actively pro-
viding power to the grid. This is further evidenced by Fig. 9.4b which shows that the
source power is -296.83 W, while the power provided by the solar PV system is 506
W (calculated value).
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(a) Waveform of source voltage and source current (b) Waveform of load voltage and load current

Figure 9.3: Output waveforms of hardware setup

(a) Measured result of load power (b) Measured result of source power

Figure 9.4: Output measurement of hardware setup

The load voltage maintains a constant voltage profile (Fig. 9.3a), achieved through
the compensation of reactive power and mitigation of harmonics. Nevertheless, the
load current exhibits considerable harmonic distortions due to the presence of non-
linear loads (Fig. 9.3b). The fundamental load power factor is 0.94, and the funda-
mental source power factor is -0.99, as depicted in Fig. 9.4. The load power is 139.51
W, with total system losses amounting to 70 W.

9.3 Hardware Validation of PSO based PI controller
for Shunt APF integrated with PV

The proposed method of tuning the PSO-based PI controller (from Chapter 4) for
shunt APF integrated with PI has been validated using hardware setup (Fig. 9.5).
The hardware setup configurations are shown in Table 9.5. The method’s validation
remains unaffected by a fairly low system voltage that was chosen in the hardware
configuration for safety reasons. In the hardware configuration, the Opal-RT system
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(a) Part-1 of Hardware setup

(b) Part-2 of Hardware setup
Figure 9.5: Shunt APF hardware setup

functions as the controller, generating switching pulses for the shunt APF. This is
achieved through a control strategy based on real-time measurements of the DC link
voltage, source voltages, three-phase load currents, and shunt APF currents. Two
loads are used - one is a three-phase RL-load, while the other is a three-phase uncon-
trolled diode rectifier with a resistance on the DC side. The output of the solar PV
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Table 9.2: System parameters of hardware-setup

Parameter Specifications

1. Grid 3-phase, 100 V, 50 Hz
2. Load-1 (3-phase R-load) 67.5 Ω

3. Load-2 (3-phase diode rectifier) Rdc = 94.2 Ω

4. DC-Link of shunt APF 190 V, 2.35 mF
5. Interfacing filters of shunt APF 9.0 mH, 10 Ω, 10 µF
6. Solar PV array Voc = 250V, Isc = 1.50 A, FF = 80%

Figure 9.6: PV output power at varying irradiation

simulator is linked to the DC link of the shunt APF in order to provide power gener-
ated from solar emulator TerraSAS 600. The varying irradiation profile is shown in
the Fig. 9.6.

The structure of the controller and the method of adjusting the PI controller in the
hardware configuration is identical to what was addressed in Chapter 4. However,
in this case, it has been applied to the shunt APF with PV rather than UPQC-DG.
Naturally, to guarantee hardware setup safety, certain filters and currents limits are
also established in the controller. It is important to observe that the output of the PI
controller must always remain within a specified limit, even throughout the tuning
process, in order to guarantee safety. Fig. 9.7a displays the waveforms obtained dur-
ing the Zeigler-Nichols technique of tuning the PI controller. This approach results
in sustained oscillations in the DC link voltage at the ultimate gain.The oscillations
have a peak-to-peak amplitude of about 3.2% of the steady-state value, which is 190
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(a) Waveform during the tuning of PI controller
using ZN method in hardware setup

(b) Waveform during the tuning of PI controller
using proposed PSO method in hardware setup

Figure 9.7: Waveforms during PI controller tuning in the hardware setup

(a) Test waveform of ZN tuned PI controller in
hardware setup

(b) Test waveform of PSO tuned PI controller in
hardware setup

Figure 9.8: Test waveforms of the ZN and proposed tuning methods of the converter.

V. The values of Kp and Ki are determined to be 0.54 and 16.20, respectively, based
on the ultimate gain and ultimate time period.

The waveforms depicting the tuning process utilizing the suggested approach
based on PSO are shown in Fig. 9.7b. In this tuning method, disturbances are sys-
tematically generated for various controller gain settings, which are then optimized
using PSO to achieve the best ITAE performance. This contrasts with ZN tuning,
which produces sustained oscillations via time step change. The duration of one iter-
ation of PSO, which includes the evaluation and updating of one particle, is set to 4
seconds in the hardware configuration. During this time frame, the reference voltage
for the DC link is raised by 30 V, while the solar irradiation varies in a pattern of
ramp and step changes. The 30th iteration utilizing 9 particles yielded the optimal
values of Kp and Ki as 0.733 and 4.149, respectively.



Draft

Chapter 9. Hardware Validation 166

Table 9.3: Comparing the hardware results of the two methods of tuning

Method Tuned Controller gains Controller Performance Indices
ITAE, Mp (peak overshoot)

Z-N Kp = 0.54, Ki = 16.2 ITAE = 8.682, Mp = 11.05%
PSO Kp = 0.733, Ki = 4.149 ITAE = 8.103, Mp = 4.21%

(a) Steady-state waveforms of the shunt APF
hardware in the presence of PV power

(b) Steady-state waveforms of the shunt APF
hardware in the absence of PV power

Figure 9.9: Steady-state waveforms of the shunt APF hardware

As a result, the ZN is used to tune the controller, and the ITAE is calculated
after testing the suggested PSO-based approach in the hardware configuration with
comparable periodic disturbances (Fig. 9.8). The results of the hardware testing are
shown in Table 9.3. The findings demonstrate that the suggested tuning strategy,
based on PSO, achieves superior performance by lowering the ITAE by 6.66% and
peak overshoot by 61.90%. The proposed technique exhibits superior dynamic per-
formance compared to the Z-N method, as it achieves a higher reduction in peak
overshoot. This improvement attributed to the Z-N method’s inability to effectively
tune the PI controller owing to output limitations.

The steady waveforms of the shunt APF hardware integrated with PV are shown
in Fig. 9.9. The shunt APF injects a current that adjusts for the harmonics produced
by the load and feeds the PV power. In the absence of PV power, the shunt current
only injects the compensatory harmonic components. In both circumstances, the
source current is free of harmonics.
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Figure 9.10: Hardware setup of UPQC-DG

9.4 Hardware Validation of UPQC-DG

The hardware validation of the UPQC-DG system controlled by SRF-PAC involves
a comprehensive assessment to ensure that the system performs optimally under var-
ious conditions. It include both series and shunt APFs to compensate for voltage
sags/swells and harmonics, respectively. Parameters of the setup is given in the Ta-
ble 9.4 The solar emulator (Terra SAS 600) is connected to the DC link vai DC-DC
boost converter. To implement the controller algorithms in real time, FPGA based
Opal-RT 4510 is used. The digital output generate desired gate pulse based on the
feedback signal from the sensor. The hardware prototype of UPQC-DG is depicted in
Fig. 9.10. A suitable load is considered for the experiment which consists a rectifier
load and RL load. For validation of the Hardware setup, three operating parameters
are considered namely voltage sag, voltage swell and change in irradiation.

During the 30% of voltage sag condition (in Fig. 9.11), the source voltage wave-
form displayed a temporary reduction in magnitude. The UPQC-DG system re-
sponded by injecting compensatory voltage (VSr) through the series APF to maintain
a stable (5%) load voltage (VL). This compensation is verified from the load voltage
waveform (in Fig. 9.11a) remained relatively unaffected, maintaining a consistent
voltage profile despite the sag in the source voltage. The source current waveform
(Is) also showed simusoidal waveform, indicating effective compensation of harmon-
ics and reactive power during this disturbance. The DC link voltage (VDC) remains
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Table 9.4: Specifications of UPQC-DG prototype

Grid 80 V, 3-phase, 50 Hz
Load-1 3-phase uncontrolled rectifier (RDC = 100 Ω)
Load-2 RY = 15.5 Ω/ph, LY = 70 mH/ph
PV array PMPP = 102 W, VMPP = 150 V, VOC = 175 V, ISC = 0.72 A
DC link VDC = 150 V, CDC = 1500 µF
Shunt APF SSh,rated = 220 VA, LSh = 5.0 mH
Series APF SSr,rated = 200 VA, LSr = 5.0 mH
Series Transformer nT = 2 (100/50 V), ST,rated = 200.0 VA

(a) Performance during voltage sag (b) Performance of DC link during voltage sag

Figure 9.11: Performance of UPQC-DG during voltage sag

relatively stable in this mode, showing minimal fluctuation in Fig. 9.11b. This stabil-
ity is crucial as it ensures that the energy storage and power conversion processes are
operating efficiently and that the system can respond rapidly to any sudden changes
in load or generation.

In the event of a voltage swell (from Fig. 9.12), the source voltage waveform
experienced a temporary increase in magnitude. Similar to the sag condition, the
UPQC-DG system, through the series APF, injected a counteracting voltage (VSr) to
stabilize the load voltage (VL). As a result, the load voltage waveform (VL) remained
stable, demonstrating the system’s ability to protect sensitive loads from overvoltage
conditions. The source current waveform (Is) continued to display a nearly sinusoidal
shape, highlighting the system’s effectiveness in maintaining power quality.

In the case of varying irradiation condition (from 1000w/m2 to 600w/m2 ), the
DC link voltage may experience slight variations as the power output from the PV
system changes with irradiation levels (Fig. 9.13). However, the UPQC-DG system
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Figure 9.12: Transient waveforms of the UPQC-DG during voltage swell

Figure 9.13: Performance during change in solar irradiation.

quickly compensates to stabilize the DC link voltage. The source current shows
a exhibit slight increase in magnitude due to the reduction in power supplied by
the DG source. The system ensures that these changes do not introduce significant
harmonics or distortions. The PV current (IPV ) also get reduced due to variation in
PV power. The shunt APF current (ISh) rises to take power directly from the PV
to keep the DC link voltage stable and compensate for power losses. Despite the
variations in irradiation, the load voltage is kept stable, highlighting the system’s
ability to maintain power quality. The load current may vary depending on the actual
load demand and the power available from the DG source.
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9.5 Summary

In conclusion, the hardware validation of the PV-fed shunt APF, alongside the pro-
posed PSO-based PI tuning method for the PV-fed shunt APF and UPQC-DG using
the UVTG-SRF based technique, demonstrated significant improvements in power
quality and system performance. The integration of PV with the shunt APF effec-
tively mitigated harmonics and maintained a stable DC link voltage, proving the sys-
tem’s capability to enhance power quality. The PSO-based PI tuning method showed
superior control over the DC link voltage compared to traditional methods, ensuring
more efficient and reliable operation under varying conditions. The hardware result
shows the reduction in ITAE and peak overshoot by 6.66% and 23.60% respectively.
The SRF-PAC technique in the UPQC-DG system successfully balanced load cur-
rents and provided stable voltage profiles, validating its effectiveness in practical
applications. Overall, these advancements contribute to the development of robust
and efficient power quality management systems, ensuring stable and reliable power
supply from distributed generation sources.
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Chapter 10

Closure

10.1 Conclusions

The UPQC is a highly developed power electronic device that was developed with the
purpose of enhancing the power quality of electrical systems [1,2]. In the UPQC-DG
system, the benefits of UPQC are paired with a focus on distributed generation [3–5].
This intervention has three outcomes: improving power quality, increasing energy ef-
ficiency, and contributing to a more sustainable and robust power system. Enhanced
control and cost-effective design for UPQC are complicated because currently avail-
able research does not thoroughly analyse the power losses that occur in UPQC under
a range of different operating scenarios. On the other hand, a significant amount of
research has to be investigated to determine whether UPQC, in conjunction with PV,
can supply reactive power to the grid in a controlled manner in smart grid distribution
network. The thesis aims to enhance the controller performance, optimal design, and
practical applicability of the UPQC. By integrating renewable energy resource (PV),
the research demonstrates notable improvements in power quality and overall system
efficiency, thereby maintaining a reliable and high-quality power supply.

The purpose of this thesis is to conduct an exhaustive investigation of the perfor-
mance and design of UPQC under different operating condition. The study includes
an analysis of the various control mechanisms used by the UPQC, the optimization
of critical parameters that have an impact on its operation, the incorporation of a PV
source into the system, and an evaluation of the system’s ability to provide reactive
power to the grid. Through an in-depth validation of the proposed method using real-
time simulation on Opal-RT, this research provides details into the applications and
performance enhancements of the UPQC.
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10.2 Specific Contributions

The thesis makes the following specific contributions:

1. Design and development of UPQC using SRF and UVTG control demonstrated
efficient power quality improvement in various operating situation, with rapid
response to grid voltage and load disturbances. The hardware implementa-
tion of UPQC-DG validated the system’s ability to balance load currents and
maintain stable load voltage profiles.

2. The PSO-based PI tuning approach in the UPQC-DG system successfully iden-
tified optimal PI parameters of kp = 1.19 and ki = 16, resulting in a significant
reduction in the ITAE from 4.82% to 2.38%. This method effectively decreased
the overshoot voltage from 190 V to 40 V and minimized oscillations in the
DC link voltage response. Consequently, it ensures a more stable and respon-
sive control system under varying operational conditions. The proposed ap-
proach has been validated through implementation in a hardware prototype
which proves the reduction in ITAE and peak overshoot by 6.66% and 23.60%
respectively.

3. Using the PSO method, the optimal ripple filter and interfacing inductor are
designed to reduce the THD, overall power losses and improve the power fac-
tor. The results show that PSO-based passive filters achieve a reduced power
loss of 608 W compared to a conventional designed method that causes 810 W
of power losses.

4. A study on power losses investigates three control mechanisms for UPQC un-
der various operating conditions. The result demonstrates that UPQC-Q ef-
fectively reduces harmonic components while causing a modest power loss
of 1.80%. UPQC-P exhibits more losses (2.04%) compared to UPQC-S and
UPQC-Q. However, UPQC-Q struggles with voltage swell compensation, high-
lighting its limitations in this aspect.

5. Investigation of the performance of UPQC-DG/IDG and UPQC under various
conditions is conducted. UPQC-DG has significant additional losses (5.80%)
due to the connection of DG at the DC link. Despite these losses, UPQC-DG is
more practical for real-world distribution systems due to the cost-effectiveness
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of PV and shunt APF. Nevertheless, the UPQC with independently integrated
PV (UPQC-IDG) exhibits significant power losses of 15.11%, which suggests
that it is not suitable practical implementation.

6. UPQC-DG system provides provides reactive power support to the grid which
uses the synchronous reference frame (SRF) theory to shunt APF and unit vec-
tor template generation (UVTG) for series APF. It also incorporates power
angle control to share reactive power burdens between series and shunt APFs.
The system’s steady-state and dynamic performances are validated using Opal-
RT simulations. The proposed system reduces overall rating of APFs by 2.57%.

10.3 Future Scope

In spite of improvements provided by proposed control techniques, there are inherent
limitations and rooms for improvements leaving scope for future research, which are
as follows:

1. The developed UPQC-DG has been implemented in Opal-RT with a balanced
source and fixed non-linear load. However, in practical scenarios, it should be
able to regulate power in the presence of dynamically varying load demands
with unbalanced grid voltage.

2. It is required to do research on methods for multi-objective optimisation that
take into consideration objective functions such as cost, performance, and en-
vironmental effect in order to find the best potential UPQC solutions.

3. Investigate the idea of employing UPQC as a grid-interactive device by exam-
ining its function in smart grids, demand response programs, and grid support
services such as frequency matching and voltage regulation.

4. To ensure UPQC systems are secure from cyber attacks, it is required to ad-
dress cybersecurity concerns in the smart grid. This is essential since power
systems are becoming increasingly interconnected and dependent on digital
control.
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Appendix A

Appendix-I (Specific parameters considered in
simulation and hardware)

The important parameters considered for the simulation of UPQC and UPQC-
DGs (Chapter-3) are as follows:

Simulation sample time Ts = 10 µs, Solver type = Fixed Step, Solver = ode4
(Dormant Prince), Series Injection Transformer parameters: Nominal power = 2500
VA, frequency = 50 Hz, winding 1 & 2 nominal voltage= 100 Vrms, winding resis-
tance (R1 & R2) = 0.002 pu, winding inductance (L1 & L2) = 0.008 pu, magnetization
resistance = 500 pu, magnetization inductance = 500 pu.
The important parameters considered for the real-time simulation of PSO based
PI controller (Chapter-4) are as follows:

No. of iteration = 30, population size = 9, No. of variables = 2, reference DC-link
voltage = 730V, c1 = 1.05; c2 = 1.05; wmax = 1.0; wmin = 0.4; Vs frequency = 50 Hz;
voltage sag = 20%, voltage swell = 30%, winding 1 & 2 nominal voltage= 150 Vrms,
winding resistance (R1 & R2) = 0.002 pu, winding inductance (L1 & L2) = 0.04 pu,
magnetization resistance = 500 pu, Magnetization inductance = 500 pu, Hysteresis
bandwidth = 1e-3 Ω, IGBT Ron = 1e-3 Ω, IGBT Rs = 1e5 Ω, IGBT Cs = inf, IGBT
Vf = 0, IGBT Vf d = 0, IGBT Tf = 1e-6, IGBT Tt = 2e-6, DIODE Ron = 1e-3 Ω;
DIODE Rs = 1e5 Ω, DIODE Cs = inf, DIODE Lon = 0, DIODE Vf = 0.
The important IGBT parameters considered (Chapter-7) for the calculation of
losses are as follows:

Eon:Energy dissipation during turn-on time = 26 mJ, Eo f f : Energy dissipation
during turn-off time = 39 mJ, Eswre f : Reference value of energy dissipation during
switching process = 65 mJ, Ire f :Reference value of IGBT or FWD current = 300
A, Vccre f :Reference value of supply voltage = 600 V, TCsw:Temperature coefficient
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of switching losses = 0.003, Tjre f :Reference value of chip temperature = 150◦C,
Ki:Exponent of current dependency for switching loss calculation = 1, Kv:Exponent
of voltage dependency for switching loss calculation = 1.3, Vcc:Supply voltage = 700
V, Tj:Chip temperature = 60, fsw:Switching frequency = 10 kHz.
The important diode parameters (Chapter-7) considered for the calculation of losses
are as follows:

Eon:Energy dissipation during turn-on time = 4.7 mJ, Eswre f :Reference value of
energy dissipation during switching process = 4.7 mJ, Ire f :Reference value of IGBT
or FWD current = 75 A, Vccre f :Reference value of supply voltage = 600 V, TCsw :
Temperature coefficient of switching losses = 0.003, Tjre f :Reference value of chip
temperature = 150◦C, Ki:Exponent of current dependency for switching loss calcula-
tion = 0.5, Kv:Exponent of voltage dependency for switching loss calculation = 0.6,
Vcc:Supply voltage = 700 V, Tj:Chip temperature = 60, fsw:Switching frequency = 10
kHz.
The parameters considered for real time simulation (Chapter-7) are as follows:

Three phase supply Source = 415 V, Frequency = 50 Hz, Source impedance =
0.01 Ω and 0.25mH, Load 1 : Bridge Rectifier with RL load 15.69 Ω, 0.1 mH &
linear load with RL = 5.3 Ω & 25.3mH, Load 2 : linear load with RL = 5.3 Ω &
25.3 mH, DC Link Capacitor = 5500 µF, interfacing inductor for series APF = 4.84
mH, interfacing inductor for shunt APF = 4.84 mH, Shunt inverter RC filter = 5.07
Ω, 2.07E-05 µF, series inverter RC filter = 2.79 Ω, 0.7µF. PV array data: PPV = 15
kW, Voc = 64.2 V, Isc = 5.96 A, Vmpp = 700 V, Impp = 25 A.
The parameters specifications for hardware prototype (Chapter-9) are as follows:

Shunt APF & series APF Inverter Type: Semikron Inverter Type- B6U415/560-
45F, LV25-P Voltage sensor, LA25-P current sensor, TerraSAS ETS 600/17 PV Sim-
ulator, Injection Transformer, 3 phase Autotransformer = 20 A, 415 V, star con-
nected, Power resistor (5 Ω), Capacitor (10 µF, 400 V, 50 Hz, 5% tolerance), 3
phase inductive load (415 V, 5 A, 3.5 kVAR, star-connected, continuous variation), 3
phase resistive load (415 V, 3.25 kW, 4.5 A, 3.5 kVAR, star-connected 4 equal step-
change), Oscilloscope used (Keysight InfiniVision MSOX 3034A, Tektronix TPS
2024B), Multimeter devices (Fluke 115), N4 Power Analyzer PPA500. Opal-RT As-
sumptions: CPU sample time = 16 µs, Solver type = Fixed Step, Solver = ode45
(Dormant Prince).
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Appendix B

Appendix-II (Model parameters considered in
MATLAB and Opal-RT)

Model assumption for IGBT switch in Opal-RT and MATLAB Simulation. Theo-
retical and simulation model assumption:

Parameters Opal-RT MATLAB Simulation
Internal resistance Ron (Ω) 15e-3 1e-3
Snubber resistance Rs (Ω) 1e5 1e5
Snubber capacitance Cs (F) 0.8 inf
Forward voltage (V) 0.8 1
Diode Forward Voltage (V) 1.2 0.8
Diode Ron (Ω) 14e-3 1e-3
Diode Rs (Ω) 1e5 500
Diode Cs (F) inf 250e-9
Diode Lon 0 0

Model assumption for Injection Transformer in Opal-RT and MATLAB Simula-
tion:

Parameters Opal-RT MATLAB Simulation
Nominal power (VA) and Frequency (Hz) 2.5e3, 50 2.5e3, 50
Winding 1: Nominal voltage (V),
Resistance (Ω), Inductance (H)

100
0.002, 0.008

100
0.002, 0.008

Winding 2: Nominal voltage (V),
Resistance (Ω), Inductance (H)

100
0.002, 0.008

100
0.002, 0.008

Magnetization resistance (Ω)
& Inductance (H) 500, 500 500, 500

Measurement Errors: Noise, inaccuracies, or limitations in sensors and measure-
ment equipment.
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• Source Voltage Sensor gain: Vsa = 115.34, Vsb = 115.54, Vsc = 114.89

• DC link voltage sensor: Vdc = 114.27

• Load current sensor: ILa = 2.2776, ILb = 2.353, ILc = 1.319

• Shunt APF current sensor: Isha = 1.085, Ishb = 1.055, Ishc = 1.102

FPGA based real time simulator specifications: Timing and Synchronization Is-
sues: Differences in real-time processing, delays, or timing mismatches, particularly
relevant in real-time digital simulations.

• FPGA: Xilinx® Kintex®-7 410T

• Computer: Intel Xeon E3-1240 V6 4 cores, 3.7 GHz, 8 GB RAM, 250 GB
SSD

• Operating system: Opal-RT Linux 3.5.4

• MotherBoard: X11SSM-F-O Supermicro Server Motherboard, Intel socket
H4 LGA-1155 µATX

• AC input: 100-240 V, 60-50 Hz

• Minimum Sample Time: 6 µs

Comparison of assumption taken for Opal-RT and MATLAB simulation: Timing
and synchronization issues, along with differences in real-time processing, can cause
delays and timing mismatches, which are particularly relevant in real-time digital
simulations

Parameters Opal-RT MATLAB Simulation
CPU model FPGA Model Simulink Model

Sample Time (s) 15e-6 1e-6 5e-6
Solver Type eHS (by Pejovic method) Discrete Backward Euler ode45 (dormand prince)
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