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ABSTRACT 

This study focuses on the improvement of the power quality in interconnected power 

distribution systems using connected microgrids. The power quality issues at the secondary 

distribution level are addressed using a unified power quality conditioner (UPQC), which aids in 

controlling voltage imbalances and current harmonics. Further, a power control method, adaptive 

neuro-fuzzy inference system (ANFIS), is proposed as a global solution by installing independent 

compensating devices at the point of common coupling. The proposed strategy can improve the 

power quality in traditional installations because the proposed UPQC method maximizes power 

utilization and improves the efficiency of the system. The microgrids integrate renewable energy 

sources, which generate green energy with low loss. Case studies, a prototype, and simulations via 

MATLAB/Simulink are used to validate the proposed method, and the results prove the 

enhancement in power quality control. The proposed control strategy had a response time of 0.3 s, 

reduced peak voltage distortions, and restored the voltage at the interconnecting point to a normal 

level. The total harmonic distortion of currents decreased from 21.13% to 14.74% when a PI 

technique was used to control the UPQC-P, and the proposed ANFIS-based UPQC-P reduced the 

harmonic content to 2.43% from 21.13%.
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INTRODUCTION 

Although most power systems throughout the industrialized world started as small-scale 

isolated systems, they eventually expanded and became interconnected, leading to large-scale 

centralized electricity generation and transmission. Denial of the inexorability of macrogrids 

emerged in the late 1960s as researchers began to study the added benefits of increased 

centralization. It was predicted these benefits would diminish with larger grids or even provide 

higher efficiency for the currently existing large grids [1], [2]. 

The electric power system (EPS) consists of the area EPS and the local EPS. The area EPS 

consists of generation, transmission, sub-transmission, and distribution systems. Central station 

plants generate most electricity at voltages up to 30 kV, and generator step-up transformers at the 

plant substation raise the voltage to greater levels to power the transmission system. Transmission 

facilities generally are greater than 34 kV or 69 kV, and sub-transmission systems typically range 

from 34.5 kV to 69 kV. Distribution systems are in the 15 kV range and include distribution 

substations; the primary voltage circuits supplied by these substations; distribution transformers; 

secondary circuits, including services to customer premises; and circuit-protection, voltage-

regulation, and control devices. EPS is mandated to satisfy several requirements, including service, 

reliability, security, quality, and cost-effectiveness. EPS also must meet numerous technical 

performance requirements parameters such as voltage, frequency, power quality, and fault duty. 

There is no universally binding requirement to make the EPS more accommodating for DR 

interconnection. The local EPS consists of distribution and facility equipment on the customer's 

side of the point of common coupling [3]. In the 1990s and 2000s, failures in large-scale grids in 

the United States and Europe led to a cascading effect. They caused widespread, economically 
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damaging blackouts, and the need for reliable decentralized power systems became apparent. In 

recent years, researchers have analyzed ways to optimize small-scale power systems, including the 

use of microgrids. Microgrids are localized groupings or aggregations of small-scale generators; 

they may differ in their size, efficiency, or type of connection to the main grid. Interconnected 

microgrid systems have two modes of operation. One is called interconnected or grid-connected 

mode, where the microgrid and main grid are physically connected and synchronized to work 

collaboratively to achieve the demand side targets. The second mode, called islanding mode, 

describes a condition in which a segment of the grid is temporarily isolated from the main grid; it 

remains powered by its own distributed generation resources [3]–[6]. Microgrids are considered 

viable options for those places where main grid expansion is either impossible or has no economic 

justification, such as the electrification in university campuses, military installations, and rural 

villages [4]. Some researchers regard the microgrid as a specific distribution system embedded 

with distributed generations, which may operate in grid-connected or islanded (stand-alone) mode 

[2]. Even though there are some common characteristics between the distribution system and 

microgrid, for example, voltage level and customer types, microgrid has its unique structure. The 

microgrid consists of renewable sources, backup generators, energy storage, unbalanced load 

demand on each phase, and multiphase lines. This unique structure, both grid-connected mode and 

stand-alone mode, as one of the most critical microgrid features, can deliver power whether there 

is a power outage on the grid side. 

Along with this beneficial advantage, there are potential challenges to keep the system 

running safely and well. One of the main concerns in the microgrid study is the electrical power 

quality issue. From massive amounts of experience, it is essential to assess electrical power quality 

for the sake of devices and users. For example, it has been reported that a 10% increase in voltage 
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stress caused by harmonic current typically results in a 7% increase in the operating temperature 

of a capacitor bank and can reduce its life expectancy by 30% [4]. 

Harmonics study becomes significant for researchers to save the life of electric devices and 

provide more reliable power to customers. Scholars who study the power system used to ignore 

the inside functioning process of components in the large system since what the output brings are 

far more critical. However, the situation is different. Because of the integration of renewable 

energy, the output of electrical sources is not conventional. Aiming to understand the output of 

renewable energy sources, looking into each component's detailed model can be a solution. 

Significantly, the photovoltaic source is often integrated into local low voltage level microgrids 

and should be studied. Given the small scale of loads and generation in micro-grid, the number of 

harmonics produced by PV will cause more significant influences than conventional large grids, 

such as overheating electronic devices, low power quality, and loss of power. Apparently, not just 

consumers but also utility companies would like to find a solution to minimize those negative 

influences. However, before researchers can actually find a solution for this problem, how to 

model, analyze, and quantify harmonics in microgrids should be accomplished first. 

Alternating current (AC) power, started in 1886 in North America, is the primary form in 

the electrical grid system. It operates in a sinusoidal waveform to transfer electric power. In the 

United States, the frequency of it is 60 Hz. According to its own characteristic, every electronic 

device connected to AC power is designed to function well under clean electric power. Clean 

power means whether voltage or current only contains components in 60 Hz. However, recent 

advances in technology have made the question of AC power quality even more important [4]. 

Human beings have been using coal as a source of electric power for over a hundred years, and 

the pollution it brought to our society has alerted governments around the world. To reduce 
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pollution, green and renewable energy is considered as one of the solutions. In a single day, enough 

sun shines in China meet its energy needs for more than ten years, at least theoretically [5]. Massive 

potential development stimulates both researchers and utilities working on integrating renewable 

energy into the established power system. Yet challenges are coming along with potential benefits. 

Different origins can cause the same results. While innovative electric devices, for example, 

personal computers, have induced concerns on power quality, renewable energy integration leads 

to some negative influences on power quality. Electric Power Quality (EPQ) is a term that refers 

to maintaining the near sinusoidal waveform of power distribution bus voltages and currents at the 

rated magnitude and frequency [5].
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LITERATURE REVIEW 

FACTS devices are based on power electronics and are used to improve electric power 

transmission systems in steady-state and transient state conditions [6]. FACTS devices also help 

increase transmission lines power transfer capacity [6]. The ability of an alternating current (AC) 

transmission line to transfer AC electric power is constrained by various factors, including the 

thermal limit, voltage limit, transient stability limit, and short circuit current limit. These limits 

define the maximum power, called the power transfer capability, which can be transferred through 

the AC transmission line without damage to the transmission line and the electrical equipment. A 

FACTS device provides control of one or more parameters of an AC transmission system. These 

parameters include the voltage magnitude, voltage angle, and the impedance of the transmission 

line. Through these parameters' control, the FACTS device can control the real and reactive power 

flow, the voltage magnitude, and the shunt reactive power compensation. There are four different 

types of FACTS [6]: 

1. Series devices. These are variable impedance devices that inject voltage in a series with the 

transmission line. Depending on the phase angle between the injected voltage and the line 

current, they can help control the real and reactive power. Examples of series devices 

include a thyristor-controlled series capacitor (TCSC), thyristor switched series capacitor 

(TSSC), and static synchronous series compensator (SSSC). 

2. Shunt devices. These are variable impedance devices that inject current at the point of 

connection. Depending on the phase angle between the injected current and the line 

voltage, these devices can control the real and reactive power. Examples of shunt devices 

include SVC and STATCOM.  
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3. Series-series devices. These are a combination of series devices, where each series device 

provides series compensation for each line and transfers active power among the 

transmission lines. An example of such a device is the interline power flow controller 

(IPFC). 

4. Shunt-series devices. These are a combination of series and shunt devices, which are 

controlled in a coordinated way. An example of such a device is the UPFC, which is the 

most versatile among all FACTS devices. It can selectively or concurrently handle the real 

and reactive power flow via the transmission line, the bus voltage magnitude, and reactive 

power compensation [7]. 

The research works are reviewed below for each one of the different grid services offered 

by FACTS. 

2.1 Power Flow Control 

The split TCSC provides better power flow control services than the single TCSC [8]. An 

adaptive TSSC with discrete non-linear control provides power flow control and improves power 

system transient stability [9]. An SSSC with an oscillation damping controller simultaneously 

achieves power flow control and low-frequency oscillation damping in a system with a wind farm 

[10]. The modular multi-level converter-based UPFC regulates the power system's power flow in 

steady-state and transient state conditions [11]. A hybrid UPFC, composed of a smaller capacity 

UPFC and a larger capacity Sen transformer, provides the same services of active and reactive 

power flow control, with the advantage of much lower installation costs [12]. A method for the 

optimum location of TCSC relieves congestion in both the normal state and contingency state with 

a single line outage [13]. An analytical method determines the optimum location of the TCSC and 

SSSC and relieves congestion in both the normal state and contingency state with a single line 

fault [14]. A pricing-based method finds the optimum location of the UPFC that mitigates line 
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congestion and minimizes system operation costs [15]. A sensitivity-based optimization method 

finds the optimum place and rated capacity of the UPFC that minimizes congestion costs [16]. 

Reactive power dispatch (RPD) is a grid service that simultaneously minimizes reactive power 

flow in lines, total active power loss in transmission lines, and voltage deviation in buses. The 

optimal allocation of four TCSCs and three SVCs at the IEEE 30 bus system significantly reduces 

the total reactive power flow in lines [17]. The optimal reactive power allocation of three different 

FACTS, namely TCSC, SVC, and thyristor-controlled phase angle regulator (TCPAR), shows that 

an SVC is slightly better in improving the voltage profile. Simultaneously, a TCPAR is better in 

reducing the total active power loss [18]. Compared with the case without a UPFC, the optimal 

allocation of one UPFC provides a more significant reduction of transmission lines total active 

power loss and buses' voltage deviation for both the IEEE 57-bus and the IEEE 118-bus test 

systems [19]. In an AC-DC power system with 96 AC buses and two DC terminals, the optimal 

allocation of one UPFC, under contingency conditions, significantly impacts the minimization of 

power loss and voltage deviation [20]. The available transfer capability (ATC) measures the 

interconnected power system's ability to transfer electric power from one power system to another 

through the transmission lines. The increase of ATC is significant because it helps transfer low-

cost energy to the loads. 

FACTS devices can increase the ATC by redistributing power flows. The optimal 

allocation of one UPFC increases the ATC for the IEEE reliability test system and a 196-bus power 

system in North America [21]. Since series FACTSs help increases the ATC, it is proposed that 

these devices should be simultaneously optimized with power generation in a market environment 

[22]. The UPFC provides a higher increase of the ATC in comparison to STATCOM and SSSC 

[23] and comparison to an SVC and thyristor-controlled phase shifter (TCPS) [24]. The optimal 
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allocation of multiple FACTS, namely TCSC, TCPS, SVC, and UPFC, provides a significant 

increase in the ATC [25]. Several research works have shown that FACTS devices reduce total 

active power loss. An optimally allocated UPFC is more effective than an optimally allocated 

TCSC to minimize load curtailment on IEEE 14-bus and IEEE 30-bus test systems [26]. Wind 

power curtailment is minimized by an optimally allocated TCSC [27] and an optimally allocated 

distributed power flow controller [28].  An optimally allocated SVC is more effective than an 

optimally allocated TCSC to minimize wind power curtailment [29]. The combined optimal 

allocation of SVC and TCSC significantly reduces wind power curtailment [30]. 

2.2 Voltage Control 

The SVC's voltage control capability was investigated, and a reactive power dispatch 

model was developed that restores the SVC operating point and regulates the bus voltage [31]. A 

photovoltaic inverter is controlled as a STATCOM and provides voltage control in power 

distribution systems [32]. The limits of the UPFC were included in a steady-state power flow 

model, which was validated by simulations that highlight the capabilities of a UPFC for 

coordinated voltage control and power flow control [33]. An optimization methodology was 

developed to identify the optimal parameter settings of one UPFC and manage to relieve voltage 

violations and overloads caused by line outages [34]. A probabilistic methodology improved the 

steady-state bus voltage profile by optimally sizing the TCSC, STATCOM, and UPFC [35]. 

2.3 Power Quality Improvement 

FACTS devices, such as SVC, STATCOM, and UPFC, offer significant power quality 

services to the grid, including enhancing the power system reliability and mitigation of voltage 

sags, harmonics, and unbalance [36]. The capability of the SVC, STATCOM, and dynamic voltage 

restorer (DVR) to mitigate voltage sags, harmonics, and unbalance was shown in [37]. Distribution 

STATCOM and SVC minimize voltage sags and the economic losses in power distribution 
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systems [38]. SVC, STATCOM, and DVR reduce losses due to voltage sags [39]. An appropriate 

control strategy allows the UPFC to provide harmonic isolation in non-linear loads [39].  

2.4 Power System Stability Improvement 

A non-linear control method of STATCOM was developed for damping inter-area 

oscillations, which was validated on a power system with 16 generators and 68 buses [40]. A single 

FACTS device successfully damps inter-area oscillations and intra-area (local) oscillations [41]. 

The STATCOM provides robust damping of inter-area oscillations at different load conditions 

[42]. The coordinated control of STATCOM and generator excitation achieves transient stability 

and voltage regulation [43]. Hardware in the loop validation verified the transient stability 

enhancement obtained by a wide-area controlled SVC [44]. STATCOM, in combination with 

energy storage systems, enhances the transient stability of power systems with induction 

generators and synchronous generators [45]. STATCOM offers vast improvement of first swing 

transient stability [46]. The coordinated use of SSSC, TCSC, and STATCOM improved a power 

system's transient stability with photovoltaics and wind farms [47]. Eigen-value analysis or modal 

analysis can be applied to identify buses (locations) sensitive to voltage collapse and buses where 

power injections are the most beneficial. The modal analysis identifies the optimum location of 

SVC for voltage support [48]. Optimally allocated UPFCs enhance power system voltage stability 

under single outage contingency criterion [49]. The optimal coordinated allocation of SVCs and 

TCSCs enhance security against voltage collapse by keeping bus voltages and ensuring voltage 

stability margins [50]–[52]. In the case of low loads or low voltages, regarding voltage stability, 

the SSSC is superior to the controllable series compensator (CSC) [53]. An analytical method was 

used to estimate CSC's efficiency, SSSC, SVC, and STATCOM for voltage stability enhancement 

[54]. 
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2.5 Grid Interactions 

The coordinated use of multi-type FACTS devices offers multiple grid services [55]. The 

multiple grid services are mathematically formulated as multi-objective optimization problems. 

An optimally allocated UPFC simultaneously minimizes total active power loss and maximizes 

power system predictability in systems with a high wind power penetration [55]. In these systems, 

predicting the system state is very difficult due to wind power generation uncertainties. An 

optimally allocated UPFC simultaneously minimizes transmission line total active power loss and 

maximizes the voltage stability limit [56]. The best results are obtained when the transformer taps 

are optimized in combination with optimizing the UPFC location and parameter settings. 

Optimally allocated TCSCs and SVCs simultaneously minimize the total active power loss, 

minimize load voltage deviation, and maximize the static voltage stability margin, considering 

single outage contingency criteria, line thermal limits, and bus voltage limits [57]. An optimally 

allocated hybrid flow controller (HFC), phase shifting transformer (PST), and maximize power 

system loading ability [58]. The HFC provides better results in comparison with PST. Optimally 

allocated TCSC, SVC simultaneously minimize total active power loss, and minimize system 

operation cost, including the cost of FACTS, the energy loss cost, and the congestion cost [59]. 

The FACTS location, size, and parameter settings are optimized in combination with existing 

reactive power sources. 

2.6 In Distribution Systems 

Many techniques have been proposed for siting of FACTS devices, but only a few have 

compared them with other methods. A study is needed to compare techniques in speed and 

accuracy. The majority of the study is on the radial distribution network. Still, as increasing 

reliability of interconnected distribution networks is essential, the study must consider the 

interconnected distribution network for FACTS and DGs' siting. Most authors have focused on the 
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single network; for the study, multiple FACTS and multiple DGs allocation must be done for 

having an idea of real distribution networks. Total harmonic distortion is a major issue in power 

quality. Only a few authors have focused on this field, so power quality should also be the 

researcher's objectives to improve system performance. Much of the research work is based on 

balanced distribution networks; behavior of optimally placed FACTS and DGs must also be 

discussed in unbalanced distribution systems. Protection is a key for maintaining a stable power 

system; none of the reviewed literature focused on security; a broad research field is open on this 

topic. Most of the research is on DSTATCOM, other FACTS devices should also be optimally 

placed, and discussion on the behavior should be given with economic analysis. Hybrid techniques 

are used for future research work in planning, operation, and optimal placement, for enhancing the 

performance of power networks. Consideration of microgrids and virtual power plants in the 

context of DG planning with FACTS devices, aiming at multi-objective optimization, needs to be 

investigated [60]. 

2.7 Testing of FACTS Devices 

The testing of distributed energy resource inverters according to ancillary service 

requirements has been well established recently. Several standards and guidelines are in place, 

stating requirements and respective testing procedures [60]. Factory testing occurs at the 

manufacturer's facilities, compliance testing at independent accredited institutes, and, finally, 

commissioning testing occurs in the field. On the other hand, FACTS testing is more challenging 

due to its high rating and large size. For example, the typical capacities of recent transmission 

STATCOMs applied in the USA are 100 to 200 MVAr with some large units reaching 250 MVAr, 

while SVCs can have powered up to 500 to 600 MVAr [61]. 

For this reason, most of the studies on FACTS perform digital simulations, while fewer 

involve laboratory or field tests. In practice, digital simulations (e.g., transient stability, dynamic 
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performance) are used for the functional specification of a FACTS device, which refers to the 

definition of equipment requirements, typically performed by the buyer (typically the TSO) or a 

consultant [61]. IEEE 1031: 2011 [62] proposes an approach to prepare a specification for a 

transmission SVC using conventional thyristor technology, which can be partly used for 

STATCOM and other devices. The guide describes newer developments in SVC component 

equipment and control systems and SVC applications' latest practices, among other topics. 

Similarly, IEEE P1052/08 [63] aims to assist users in specifying the functional requirements for 

transmission STATCOMs, using forced commutated technology based on voltage source 

converter topologies. The guide covers specifications, applications, engineering studies, main 

component characteristics, system functions, and features, factory testing, commissioning, and 

STATCOM systems operations. It addresses the following functions: Reactive power 

compensation, voltage regulation and control, transient and dynamic stability, and control and 

protection. The manufacturing of the device, based on the specification, is followed by factory 

testing at the manufacturer's facilities. This includes the testing of the valves as the most critical 

component. Standards for the testing of valves are IEC 61954:2011 [64] for the thyristors of SVCs 

and IEC 62927:2017 [65] for voltage source converter valves of STATCOMs. More specifically, 

IEC 61954:2011 defines the type, production, and optional tests on thyristor valves used in 

thyristor controlled reactors, thyristor switched reactors, and thyristor switched capacitors, 

forming part of SVCs [60]. Insulation tests aim to verify that the valve design meets the 

requirements specified (e.g., dielectric and operational tests). Production tests aim to demonstrate 

proper manufacturing (e.g., voltage check), and optional tests are added to the type and production 

tests (e.g., voltage transient test). IEC 62927:2017 applies to self-commutated valves for use in 

voltage source converters for STATCOMs. It includes type tests (e.g., dielectric, operational, and 
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electromagnetic interference tests) and production tests (e.g., voltage withstand check) for air-

insulated valves. Moreover, according to their respective standards, the manufacturer also tests all 

other FACTS device components (e.g., transformer, circuit breakers, etc.). Particular attention 

needs to be paid to the control system's testing, including dynamic performance tests and protection 

system tests [60]. 

One of the vital functions among interconnected power systems is maintaining a smooth 

transition when switching from the main grid to microgrid when entering islanding mode. The 

major goal of this work is to design a device with this unique, controlling action. Figure 1 shows 

a typical interconnected system. As interconnected power systems require the integration of 

various energy sources, power quality problems, such as abnormal fluctuations in voltages and 

frequency and increases in harmonic content in the current, are major concerns that have been 

studied in recent research. For instance, the quality and stability of power produced by microgrids 

in bus systems are of interest as distribution systems have multiple feeders and require power for 

numerous sensitive electronic devices [66]. 

 

Figure 1. Typical Interconnected System 
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However, the control of active and reactive power transfers is not focussed on in the above-

cited works. Unified power quality conditioner (UPQC), constructed on p-q theory principles, is 

widely used for mitigating fluctuations in power and compensates reactive power harmonics and 

current and voltage harmonics [67]. However, it has only been applied to single-phase systems. 

Owing to the dynamic nature of the elements present in UPQC, stability problems arise when three 

single-phase devices are paralleled to get a three-phase UPQC [68], [69]. Several local solutions 

to power fluctuation have been studied recently, including grid assistance, harmonic current 

compensation, and ride through capability during voltage sags [70], [71]; however, these have not 

been scaled up to provide a global solution. 

Additionally, a new control strategy has been designed for voltage source inverters based 

on the neuro-fuzzy technique [72]. Driven by the work done in the preceding references and to 

overcome their limitations, in this paper, an integrated energy system is considered, and a global 

solution is proposed to address all of the existing power quality problems at the distribution level. 

The proposed UPQC can be compared to the other FACTS devices in terms of performance, 

features, reliability, and cost. The static variable compensator (SVC) is an essential device used to 

compensate for reactive power using a Thyristor Switched Capacitor – Thyristor Controlled 

Reactor (TSC-TCR). This is a more standard, flexible device, and it requires a smaller rating of 

the reactor, consequently, generates fewer harmonics. However, it is only limited to reactive power 

compensation and cannot handle any voltage shortcomings, switching transients, etc. STATCOM 

is another popular device used to manage reactive power flow without any passive elements, which 

can absorb or generate reactive power. But it cannot handle voltage sags and swells. The proposed 

UPQC will address the switching transients on the inverter side, voltage imbalances, harmonics, 

minimized switching losses at low cost. 
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A review of the recent research shows the necessity for an integrated controller between 

the utility grid and the distributed energy resources at the load end to enhance output and maintain 

the balance in the overall system. Thus far, many control techniques have been proposed involving 

UPQC; the work described here is a combination of acclaimed schemes focused on improving the 

control schema of a microgrid, including the following goals. 

1. Power quality maintenance at the distribution end while switching from grid-connected 

mode to islanding mode. 

2. Compensation of voltage sags and swells in grid voltages. 

3. Real and reactive power control in both grid-connected mode and isolated mode. 

The organization of this thesis is as follows: chapter 3 explains the core structure of UPQC 

and its selection among several UPQC configurations; the control system design and 

implementation based on Fuzzy Logic and ANFIS are explored in chapter 4; results based on 

MATLAB/Simulink simulations are explained in chapter 5, and chapter 6 includes the conclusions 

and references. 
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MOTIVATION FOR IMPROVEMENTS TO UPQC 

A unified power quality conditioner (UPQC) is a device that is similar in construction to a 

unified power flow conditioner (UPFC) [73]. The UPQC, like a UPFC, employs two voltage 

source inverters (VSIs) connected to a common dc energy storage capacitor. One of these two 

VSIs is connected in series with the ac line, while the other is connected in shunt with the same 

line. A UPFC is employed in a power transmission system to perform shunt and series 

compensation simultaneously. Similarly, a UPQC can also perform both tasks in a power 

distribution system. However, at this point, the similarities in the operating principles of these two 

devices end. Since a power transmission line generally operates in a balanced, distortion-free 

environment, a UPFC must only provide balanced shunt or series compensation [73]. 

On the other hand, a power distribution system may contain unbalance, distortion, and 

harmonic components. Therefore, a UPQC must operate under this environment while providing 

shunt or series compensation. The UPQC is a relatively new device, and not much work has been 

reported on it yet. It has been viewed as a combination of series and shunt active filters in [73]. In 

[73], it has been shown that it can attenuate current harmonics by inserting a series voltage 

proportional to the line current. Alternatively, the inserted series voltage is added to the voltage at 

the point of common coupling. The device can provide a buffer to eliminate any voltage dip or 

flicker. It is also possible to operate it as a combination of these two modes. In either case, the 

shunt device is used for providing a path for the real power to flow to aid the operation of the 

series-connected VSI. Also included in this structure is a shunt passive filter to which all the 

relatively low-frequency harmonics are directed. Experimental results with a relatively stiff 

voltage source are also provided in [73]. 
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The motivation for developing this multipurpose custom power device is to address various 

aspects of power quality. The main types of power quality concerns include minimizing load 

harmonics, VAR/reactive power compensation, and voltage sag/swell mitigation. A controller or 

device would address these problems with a fast, dynamic response and steady-state accuracy. 

Such a controller installed on the distribution side would potentially serve as a global solution for 

all of the issues mentioned above associated with power quality. Therefore, it is expected that the 

UPQC described here will become one of the most powerful solutions for dealing with power 

quality problems about microgrids. The UPQC in this study is a combined shunt and series custom 

power device, built by connecting two voltage source inverters (VSIs) back-to-back, which is 

bridged by a shared DC-link capacitor for exchanging real and reactive powers [73]. The 

DSTATCOM is the shunt device connected in parallel to the load side and administers load 

balance, supplies reactive power compensation, and eliminates harmonic content. The DVR is 

connected in series with the supply system via an injection transformer and protects the consumer 

loads from voltage fluctuations. When these sags and swells occur, the DVR restores the voltage 

to a predetermined reference voltage level. In other words, the UPQC is an integration of the 

DSTATCOM and the DVR [73]. 

3.1 Selection of UPQC   

A UPQC can be categorized by the type of the topology (right shunt, left shunt, or 

interline), the type of inverter used (VSI or current source inverter (CSI)), supply based (two-wire, 

three-wire, or four-wire), and the kind of compensation (UPQC-P, UPQC-Q, or UPQC-S).  

3.1.1 Based on Topology  

Right shunt, left shunt, or interline are three different topologies, classified based on the 

position of DVR and DSTATCOM to the distribution bus system. Figure 2 shows a right shunt 

UPQC will have DVR connected in series with the AC mains using a matching transformer to 
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mitigate sag, swell, spikes, and notches to balance and regulate the terminal voltage across the 

consumer loads to eliminate the voltage harmonics. It has been used to eliminate negative sequence 

voltages and to regulate the load voltages in three-phase systems. Electric utility companies can 

install it to compensate voltage harmonics and damp out harmonic propagation caused by 

resonance with line impedances and passive shunt compensators.  

 

Figure 2. Right Shunt UPQC 

DSTATCOM is connected in shunt with the critical loads. Figure 3 shows a left shunt UPQC 

configuration has its DSTATCOM connected in shunt with the AC mains, DVR connected in 

series with the sensitive loads. Its main drawbacks are high cost and complexity control. 

 

Figure 3. Left Shunt UPQC 
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Interline UPQC is generally connected between two individual feeders and serves a different 

purpose. 

3.1.2 Based on the Type of Inverter 

Two types of inverters are used in the development of UPQCs, VSI and CSI.  VSI based 

UPQCs have many advantages over CSI based UPQCs. In CSIs, a diode is used in series with the 

self-commutating device, IGBT, in this case for reverse voltage blocking. The CSI UPQCs are 

considered sufficiently reliable but have higher losses and require higher inductive energy storage 

values at DC bus, making the overall design bulky, noisy, costly contributing to high losses. CSIs 

cannot be applied to multi-level inverters because of their pulsated format output.  

3.1.3 Based on the Supply 

UPQCs may also be classified according to the supply systems as single-phase two-wire 

UPQCs, three-phase three-wire UPQCs, and three-phase four-wire UPQCs. There are many 

consumer loads, such as domestic appliances connected to single-phase supply systems, some 

three-phase consumer loads without a neutral terminal, such as from three-wire supply systems. 

3.1.4 Based on the Method of Control 

UPQCs can be classified based on the method of control. UPQC-P: A DVR is used for 

series voltage injection in phase with supply current with only an active power injection. In this 

type of UPQC, the DVR rating is relatively low as it requires minimum series voltage injection. 

This type of operation is entirely satisfactory for both voltage sag and swell compensation. 

UPQC-Q: A DVR is used for series voltage injection in quadrature with supply current with almost 

zero active power injection. The DVR cannot compensate for voltage swell in the UPQC-Q mode 

of operation. The DSTATCOM compensates the reactive power of the consumer load, and a unity 

power factor is realized at PCC. This mode is considered the most conservative and provides a 
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minimum level of compensation. UPQC-S: A DVR is used for series voltage injection at an 

optimum phase angle with minimum KVA rating, S. In a UPQC-S, the shunt compensator 

DSTATCOM is used for all current based compensation other than full reactive power of load at 

the load end. In such situations, the series compensator DVR injects a voltage in series between 

the AC mains and the load end at a predetermined phase angle with PCC voltage. It needs both the 

active power and reactive power throughout the series VSI with a minimum VA rating of both 

VSIs.  

3.2 Determination and Characterization of UPQC for this Project 

In this case study, an IEEE 30 bus system is used along with a three-wire UPQC. The three 

single-phase injecting transformers of the DVR side are connected in series with the distribution 

feeder in delta-star winding, as shown in Figure 1. Similarly, the connections of the step-down 

transformer that feeds the load are also in delta-star winding. While selecting the type of UPQC, 

though the CSI-based UPQCs are reliable, they demand large inductance values for energy storage 

at the DC bus, making the system bulky and expensive. Therefore, a VSI-based UPQC is 

preferable. 

Furthermore, a right shunt UPQC has its DVR connected to the supply system in series 

before the load, and the DSTATCOM is in shunt to the load side. Electric utility companies prefer 

this right shunt UPQC configuration at the distribution side to compensate for voltage and current 

harmonics. Left shunt UPQCs and interline UPQCs have a high implementation cost and require 

complex control systems. Consequently, the right shunt UPQC has a preferable design as it has 

lower ratings for both of the inverters and does not require complex control. Additionally, the 

UPQC-P type is preferable to the UPQC-Q and the UPQC-S because of its lower power rating. It 

has a better ability to mitigate voltage sag and swell problems. Considering all possible factors 
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related to the classifications of UPQCs, a three-wire, VSI-based, right shunt UPQC-P was selected 

for this study as shown in Figure 4 below. 

 

Figure 4. Constructional Structure of a UPQC 

Let us now characterize the operation of UPQC by injection of voltage and current to the load. Let 

us assume that the load and source are unbalanced. From the right shunt UPQC structure, it can be 

observed that the 𝑣𝑡 + 𝑣𝑑 =  𝑣𝑙. If the source voltage is unbalanced, the terminal voltage will also 

be unbalanced. Therefore, to obtain the balanced voltage at the load terminal, 𝑣𝑑 must cancel out 

the unbalanced voltage at the terminal side. 

 𝑉𝑑0 =  −𝑉𝑡0, 𝑉𝑑2 = −𝑉𝑡2 (1) 

The above condition designates that 𝑉𝑙 is a strictly positive sequence. Let us assume that the 

magnitude of positive sequence voltage is |𝑉𝑙1|. Note that the angle of this voltage will depend on 

the power factor of the load. The injected positive sequence voltage is now generated such that the 

series compensator does not require any positive sequence power. The source current 𝑖𝑠 flowing 

through the series compensator can be observed here. This yields the following equation. 
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 𝑉𝑡1 + |𝑉𝑑1| (𝑎1 + 𝑗𝑏1) =  𝑉𝑙1 (2) 

Where 𝑎1 + 𝑗𝑏1 is a unit vector that is 90° to 𝐼𝑠1. Assuming 𝑉𝑙1 =  |𝑉𝑙1|∠0° the following equation 

is derived. 

 𝑉𝑑1
2 − 2𝑎1|𝑉𝑙1||𝑉𝑑1| + 𝑉𝑙1

2 − 𝑉𝑡1
2 = 0 (3) 

As in the case of DVR, if the desired voltage level |𝑉𝑙1| is achievable the quadratic equation shown 

above has two positive real solutions of |𝑉𝑑1|. The minimum of these two solutions will be chosen 

and requires less support from the UPQC. For the shunt current injection, by applying KCL at the 

entering node, we get 𝑖𝑠 + 𝑖𝑓 = 𝑖𝑙. Therefore, the shunt compensator must inject current to cancel 

the zero and negative sequences of load current. Thus, we get 

 𝐼𝑓0 = 𝐼𝑙0;  𝐼𝑓1 = 0; 𝐼𝑓2 =  𝐼𝑙2 (4) 

This will ensure that a purely positive sequence current equals the positive sequence load current 

𝐼𝑙1 flows through the source. Therefore, both unbalance in the source voltages and load currents 

are canceled by the right shunt UPQC.  

In this experimental setup, the pulse width modulation (PWM) technique was used in both 

VSIs to control the output voltage. The DVR side inverter was operated under PWM voltage-

controlled mode to inject and absorb voltages. The inverter pertaining to DSTATCOM was 

operated under PWM current-controlled mode to inject required currents to the consumer loads. 

As PWM techniques require high-frequency switching, the inverter design requires ripple filters. 

The instantaneous source voltages, load voltages, and load currents were monitored by Hall effect 

sensors and used as feedback signals. The required control algorithm, which is discussed below, 

was implemented pragmatically with a digital signal processor (DSP), where the required gating 

signals for the insulated-gate bipolar transistors (IGBTs) were generated. Reference signals for 

both of these VSIs can be determined with the guidance of several control algorithms, as mentioned 
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in the literature review [73]. Control algorithms are classified into two types: time domain and 

frequency domain. After a detailed analysis of the contemporary methods, synchronous reference 

frame theory (SRFT), a time-domain algorithm, was selected as a basis for the work presented 

here. Figure 5(a), 5(b) shows the phasors for the DVR part of the UPQC-P. The voltage sag or 

swell can be expressed as 

 𝑉𝑠𝑎𝑔/𝑠𝑤𝑒𝑙𝑙 = |𝑉𝐿𝐶 − 𝑉𝑆|/𝑉𝐿𝐶 = 𝑉𝐷𝑉𝑅/𝑉𝐿𝐶  (5) 

where 𝑉𝑠𝑎𝑔/𝑠𝑤𝑒𝑙𝑙 is the amount of voltage sag or swell required to compensate, which is usually 

30% of the rated value. 𝑉𝐿𝐶 is the compensated load voltage 𝑉𝑠 is the supply voltage; and 𝑉𝐷𝑉𝑅  is 

the voltage injected by DVR. 

 

Figure 5. (a) Voltage injected by the DVR in sag condition, (b) Voltage absorbed by the DVR in 

swell condition 

Voltage injected by the DVR is given by 

 𝑉𝐷𝑉𝑅 = 𝑉𝐿𝐶 − 𝑉𝑆 (6) 

The DVR rating in kVA is given by 

 𝑆𝐷𝑉𝑅 = 𝑉𝐷𝑉𝑅𝐼𝑆 = 𝑉𝐿𝐶𝐼𝐿 cos ∅ (7) 

where 𝐼𝑠 is the supply current, 𝐼𝐿 is the load current, and cos ∅ is the power factor of the load. 

Likewise, DSTATCOM current is given by 
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 𝐼𝐷𝑆𝑇 = √(𝐼𝐿
2 − 𝐼𝑆

2) + (𝑉𝑠𝑎𝑔/𝑠𝑤𝑒𝑙𝑙𝐼𝐿𝑐𝑜𝑠2Ø)  (8) 

The DSTATCOM rating in kVA is given by 

 𝑆𝐷𝑆𝑇 = 𝑉𝐿𝐶𝐼𝐷𝑆𝑇 (9) 

Therefore, the overall rating of UPQC is 

 𝑆𝑈𝑃𝑄𝐶 = 𝑆𝐷𝑉𝑅 + 𝑆𝐷𝑆𝑇 (10) 

There are several factors to consider when designing or evaluating the converters' control 

systems to maintain the overall system's stability and power output. These include the controller's 

robustness, the algorithm of the controller, choice of the control signal, and the controller's 

location. 
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CONTROL SYSTEM DESIGN WITH ANFIS 

This chapter will justify the use of SRFT in controlling both of the VSIs of the UPQC in 

this study. This algorithm was selected after carefully following the contemporary reference 

signal-generating techniques, and the experimental setup implements through a signal 

conditioning board and a microprocessor. 

4.1 UPQC-P-DVR Control 

4.1.1 DVR Control Objectives 

The series-connected converter has the following control objectives [74]: 

1. To balance the voltages at the load bus by injecting negative and zero sequence voltages to 

compensate for those present in the source. 

2. To isolate the load bus from harmonics, present in the source voltages, by injecting the 

harmonic voltages. 

3. To regulate the magnitude of the load bus voltage by injecting the required active and 

reactive components depending on the power factor on the source side. 

4. To control the power factor at the input port of the UPQC (where the source is connected). 

Note that the shunt converter controls the power factor at the output port of the UPQC 

(connected to the load). 

4.1.2 Implementation 

In accordance with SRFT for generating reference signals, the hall effect sensors senses 

both supply voltages (𝑉𝑠𝑎 , 𝑉𝑠𝑏 , 𝑉𝑠𝑐) and load terminal voltages (𝑉𝐿𝑎, 𝑉𝐿𝑏, 𝑉𝐿𝑐) in order to derive 

gating signals for the IGBTs of the series inverter. Reference values for both the inverters are 

derived and compared with the actual sensed values, as shown in Figure 6. Then, the values for 
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voltage and current that need to be injected are determined. For the series VSI, the reference 

voltages are sourced from the three-phase voltages (𝑉𝑠𝑎, 𝑉𝑠𝑏, 𝑉𝑠𝑐) that are at the point of common 

coupling (PCC). Hall effect sensors are used to sense these voltages, and the sensed voltages go 

through a signal conditioning board, which consists of a difference amplifier, a set of resistors and 

capacitors to step down the voltage that is suitable for a microcontroller and a DSP to implement 

the abc to d-q-0 transformation. The signal conditioning board also consists of a bandpass filter 

(BPF) to eliminate ripple contents before their transformation. A first-order Butterworth filter was 

used to perform this function. The DSP TMS320F28335 and Xilinx 3XCS1000 FPGA were 

programmed to complete this action. The d-axis and q-axis voltages are expressed as 

 𝑉𝑠𝑑 = 𝑣𝑑𝐷𝐶 + �̃�𝑑𝐴𝐶 (11) 

 𝑉𝑠𝑞 = 𝑣𝑞𝐷𝐶 + �̃�𝑞𝐴𝐶 (12) 

The ripple voltages are described by (7) and (8). These ripple voltages can be eliminated by 

processing the voltages through a low pass filter (LPF) to obtain 𝑣𝑑𝐷𝐶 and 𝑣𝑞𝐷𝐶. A PI controller is 

used to maintain the amplitude of the load terminal voltage (𝑉𝐿) to its reference level (𝑉𝐿
∗). The 

calculation of the amplitude of the AC load terminal voltage (𝑉𝐿) is given by (9). 

 𝑉𝐿 = √
2

3
(𝑣𝐿𝑎

2 + 𝑣𝐿𝑏
2 + 𝑣𝐿𝑐

2 ) (13) 

The reference load voltage values of the d-axis, q-axis are 

 𝑣𝑑
∗ = 𝑣𝑑𝐷𝐶 (14) 

 𝑣𝑞
∗ = 𝑣𝑞𝐷𝐶 + 𝑣𝑞𝑟  (15) 

where 𝑣𝑞𝑟  is the output of the PI controller as shown in Figure 6, which is used for regulating the 

voltage at PCC. The summation of q-axis voltages 𝑣𝑞𝐷𝐶 and 𝑣𝑞𝑟  is constituted as the 𝑣𝑞
∗ as shown 

in (11). The d-q components, obtained from (10) and (11), undergo transformation to get abc 
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quantities, where the cos θ and sin θ angles are accessed through the three-phase phase-locked 

loop (PLL) function and serve as reference load voltages (𝑉𝐿𝑎
∗ , 𝑉𝐿𝑏

∗ , 𝑉𝐿𝑐
∗ ). Therefore, the amount of 

voltage that needs to be injected by the voltage inverter can be calculated using (12). The difference 

between the reference load voltages (𝑉𝐿𝑎
∗ , 𝑉𝐿𝑏

∗ , 𝑉𝐿𝑐
∗ )  and the sensed load voltages (𝑉𝐿𝑎, 𝑉𝐿𝑏, 𝑉𝐿𝑐) are 

calculated with the use of a comparator: 

 [
𝑉𝑑𝑣𝑟𝑎

𝑉𝑑𝑣𝑟𝑏

𝑉𝑑𝑣𝑟𝑐

] =  [

𝑉𝐿𝑎
∗

𝑉𝐿𝑏
∗

𝑉𝐿𝑐
∗
] − [

𝑉𝐿𝑎

𝑉𝐿𝑏

𝑉𝐿𝑐

] (16) 

As the voltages required to be injected in series are acquired from (12), the inverter's PWM 

gating signals are configured accurately with the help of a Fuzzy/ANFIS controller. 

 

Figure 6. Control Diagram Implementation. 

4.2 UPQC-P-DSTATCOM Control 

4.2.1 DSTATCOM Control Objectives: 

The shunt connected converter has the following control objectives [74]: 

1. To balance the source currents by injecting negative and zero sequence components 

required by the load. 
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2. They compensate for the harmonics in the load current by injecting the required harmonic 

currents. 

3. To control the power factor by injecting the required reactive current.  

4. To regulate the DC bus voltage. 

4.2.2 Implementation 

In the control scheme of DSTATCOM, it is necessary to sense the load currents 

(𝑖𝐿𝑎, 𝑖𝐿𝑏, 𝑖𝐿𝑐), PCC voltages (𝑉𝑠𝑎 , 𝑉𝑠𝑏 , 𝑉𝑠𝑐) and DC bus voltage (𝑉𝐷𝐶) to derive the gating signals for 

the IGBTs of the shunt inverter. In this case, the hall effect sensors were used to sense the 

instantaneous load currents, passed through a signal conditioning board, and fed to the 

microcontroller and the DSP. The load currents were transformed from abc to d-q-0 frame as 

 [

𝑖𝐿𝑑

𝑖𝐿𝑞

𝑖𝐿0

] =  
2

3

[
 
 
 
 cos 𝜃 − sin𝜃

1

2

cos (𝜃 −
2𝜋

3
) − sin (𝜃 −

2𝜋

3
)

1

2

cos (𝜃 +
2𝜋

3
) sin (𝜃 +

2𝜋

3
)

1

2]
 
 
 
 

[
𝑖𝐿𝑎

𝑖𝐿𝑏

𝑖𝐿𝑐

] (17) 

where cos θ and sin θ are obtained using a PLL method from PCC voltages. The d-axis and q-axis 

currents are expressed as 

 𝑖𝐿𝑑 = 𝑖𝑑𝐷𝐶 + 𝑖𝑑𝐴𝐶 (18) 

 𝑖𝐿𝑞 = 𝑖𝑞𝐷𝐶 + 𝑖𝑞𝐴𝐶 (19) 

As mentioned earlier, (14) and (15) show DC and ripple contents passed through an LPF 

to obtain the reference signals. A PI controller at the DC bus voltage was employed to keep up the 

DC bus voltage and meet the losses, and the output of the PI controller gives the current component 

(𝑖𝑙𝑜𝑠𝑠) for meeting its losses. Hence, reference supply current amplitude is given by 

 𝑖𝑑
∗  =  𝑖𝐷𝐶 + 𝑖𝑙𝑜𝑠𝑠  (20) 
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As shown in Figure 6, the resultant d-q-0 currents are converted back into abc frame to 

obtain the reference supply currents (𝑖𝑠𝑎, 𝑖𝑠𝑏 , 𝑖𝑠𝑐) using the reverse park's transformation by 

acquiring the needed cos θ, sin θ values from the PCC voltages using a three-phase PLL function. 

The difference between the reference supply currents (𝑖𝑠𝑎
∗ , 𝑖𝑠𝑏

∗ , 𝑖𝑠𝑐
∗ ) and the sensed supply currents 

(𝑖𝑠𝑎 , 𝑖𝑠𝑏, 𝑖𝑠𝑐) are calculated with the use of a comparator and given by 

 [
𝐼𝑠𝑡𝑎𝑡𝑎

𝐼𝑠𝑡𝑎𝑡𝑏

𝐼𝑠𝑡𝑎𝑡𝑐

] =  [

𝑖𝑠𝑎
∗

𝑖𝑠𝑏
∗

𝑖𝑠𝑐
∗

] − [
𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐

] (21) 

As the currents that are required to be injected in the shunt are acquired from (17); these 

are sent to the current-controlled PWM inverter and are configured accurately with the help of a 

fuzzy logic controller. Both the control circuits for generating gating signals are realized by 

Adaptive Neuro Fuzzy Inference Systems based circuits. In the early stages of this project, fuzzy 

logic alone is considered to have control on the required voltage and current components. Later, it 

is extended using ANFIS to make real-time adaptation possible. Before dwelling on the design of 

this control structure, a fundamental understanding of fuzzy logic is required. It consists of the 

theory of fuzzy sets which relates to classes of objects with round boundaries in which membership 

is a matter of degree [21]. The reason for selecting a fuzzy controller for this project is its ability 

to deal with uncertainty. 

4.3 Design of UPQC 

The design of UPQC includes a detailed analysis for deriving the design equations for 

calculating the values of different components used in their circuit configurations. The three-phase 

three-wire UPQC is considered in this work and explained here step by step. It includes the design 

of VSI and its other passive components. The UPQC includes a VSI, interfacing inductors, and a 

ripple filter. A ripple filter is used to filter the switching ripples from the voltage at PCC. The 
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interfacing inductors and a ripple filter are carried out to limit the ripple in the currents and 

voltages. The design also includes the DC bus voltage level, DC bus capacitance, and the rating of 

switches. The design of DC bus capacitor depends on the energy storage capacity needed during 

the transient conditions. The rating of the UPQC depends on the required reactive power 

compensation and degree of unbalance in the load. Hence the current rating of the UPQC is 

affected by the load power rating, and its voltage rating is dependent on DC bus voltage. A three-

leg VSI is used as a distribution static compensator, and this topology has six IGBTs, three AC 

inductors, and a DC capacitor. The required compensation to be provided by the UPQC decides 

the rating of the VSI components. The VSI is designed for compensating power of 10KVA in a 

230V, 50Hz, three-phase distribution system for MATLAB simulation.   

4.3.1 Selection of DC bus voltage: 

The minimum DC bus voltage of the UPQC VSI should be greater than twice the peak of 

the distribution system's phase voltage. The DC bus voltage is calculated as 

 𝑉𝐷𝐶 = 2√2𝑉𝐿𝐿/√3𝑚 (22) 

where m is the modulation index and is considered as 1, 𝑉𝐿𝐿 is the AC line output voltage of UPQC. 

Thus 𝑉𝐷𝐶 is obtained as 375.58V for a 𝑉𝐿𝐿 of 230V and is selected as 400V. 

The main objective of the control algorithm of UPQC is to estimate the reference currents 

using feedback signals. These reference currents and the sensed currents are used in PWM current-

controlled VSI to derive PWM gating signals for the switching devices. 

4.3.2 Selection of DC bus capacitor: 

The value of the DC capacitor 𝐶𝐷𝐶 of the UPQC VSI depends on the instantaneous energy 

available to the UPQC during the transients. The principle of energy conservation is applied as 

 
1

2
 𝐶𝐷𝐶  (𝑉𝐷𝐶

2 − 𝑉𝐷𝐶1
2 ) = 3𝑘𝑉𝐼𝑎𝑡 (23) 
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Where 𝑉𝐷𝐶 is the nominal DC voltage equal to the reference DC voltage and 𝑉𝐷𝐶1 is the minimum 

voltage level of the DC bus, 𝑎 is the overloading factor, 𝑉 is the phase voltage, 𝐼 is the phase 

current, and 𝑡 is the time by which the DC bus voltage is to be recovered.  

Considering the minimum voltage level of the DC bus 𝑉𝐷𝐶1 653.20V,  𝑉𝐷𝐶 = 700V, 𝑉 = 

240V, 𝐼 = 75A, 𝑡 = 30msec, 𝑎 = 1.2 and variation of energy during dynamics = 10%. The calculated 

value of 𝐶𝐷𝐶 is approximately 13000µF.  

4.3.3 Selection of AC inductor: 

The selection of AC inductance 𝐿𝑟 of a UPQC VSI depends on the current ripple 𝐼𝑐𝑟𝑝 

switching frequency 𝑓𝑠  and DC bus voltage 𝑉𝐷𝐶 and is given as 𝐿𝑟 = √3𝑚𝑉𝐷𝐶/12𝑓𝑠𝑎𝐼𝑐𝑟𝑝 

Where m is the modulation index, and 𝑎 is the overloading factor. Considering the ripple 

current is 15% 𝑓𝑠 = 1.8KHz, 𝑚 = 1, 𝑉𝐷𝐶 = 700V and 𝑎 = 1.2. The value of the inductor is calculated 

and rounded off to 4mH.  

4.3.4 Selection of ripple filter: 

A high pass first-order filter tuned at half the switching frequency is used to filter out the 

PCC voltage noise. The time constant of the filter should be very small compared with the 

fundamental time period 𝑇,  𝑅𝑓𝐶𝑓 ≤ 𝑇𝑓 considering 𝑅𝑓𝐶𝑓 = 𝑇𝑠/10 where 𝑅𝑓, 𝐶𝑓 and 𝑇𝑠 are the 

ripple filter resistance, ripple filter capacitance, and switching time, respectively. Considering the 

switching frequency is 1.8KHz, the ripple filter parameters are selected as 𝑅𝑓 = 10𝛺, 𝐶𝑓 = 5.5µ𝐹. 

4.3.5 Voltage and Current ratings of IGBTs:  

The voltage rating of the device can be calculated by considering a 10% overshoot in the 

DC link voltage. The voltage rating of the switch is calculated as 440V. With an appropriate safety 

factor, 600V IGBTs are selected for UPQC VSIs. Considering the ripple current and peak current 

under dynamic conditions, the current rating is calculated as 50A.  
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4.4 Fuzzy Logic Controller 

The applications of the fuzzy inference method can be found in numerous aspects of 

industrial production or manufacture. A fuzzy inference system can be an efficient tool to help 

make decisions on manufacturing reengineering, optimize the process parameters for the drilling 

process, and realize a better batch process scheduling. All of these applications come with a 

common point that they are all required to take several factors into account at the same time before 

reaching a final result. In this kind of problem, the relations between input and output and relations 

between each input factor are relatively complicated. It is challenging to formulate interactive 

relations or indirect relations. Therefore, the fuzzy inference system's advantages stand out because 

the If-Then rule-based inference mechanism can be defined directly by practical experience. 

Although the most optimal result from accurate mathematical expressions is hard to get, fuzzy 

inference greatly simplifies and accelerates the computing process and produces a good result for 

reference [75]. The fuzzy logic process in this study consists of four parts. 

4.4.1 Fuzzification Module 

The first step is to transform the crisp numerical values of input variables into the 

appropriate fuzzy sets' equivalent membership values via membership functions. No matter what 

the input variables describe, through the fuzzification process, the output is usually the degree of 

membership in the related fuzzy linguistic sets within the interval between 0 and 1. The 

fuzzification module transforms the system inputs, which are crisp numbers, into fuzzy sets. After 

identifying the inputs, which are obtained from (12) and (17) in this case, they are split into 

linguistic variables in the form of simple words. For voltages and currents that are required to be 

injected, they are labeled as very low, low, average, high, and very high. The corresponding output 

should also be labeled in terms of linguistic variables, which are nothing but PWM ref voltages in 
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this project. These are labeled as very small, small, medium, large, and very large. The output 

values correspond to the duty cycle of the inverters. 

4.4.2 Constructing Membership Functions 

Numerous literature demonstrates specific applications of fuzzy inference systems in the 

industry. Still, very little literature introduces a detailed thinking process about setting up 

appropriate membership functions. It is even more challenging to search available literature 

discussing membership functions' influence during fuzzy inference. Hashmi (2000) restudied the 

data selection problem for the drilling process via fuzzy inference. In his Single-Input Single-

Output fuzzy inference system, both input and output variables were represented by six identical 

triangle membership functions. Each of them overlapped the adjacent ones by 50%. Lucian (2006) 

applied a fuzzy inference system to study the manufacturing reengineering problem. Two or three 

MFs, respectively, define five input variables. Gaussian MFs, trapezoidal MFs, and general bell 

MFs with additional support and core are used. This inference system showed a high reliance on 

professional experience. Srinoi (2008) developed a fuzzy system with four input variables and one 

output variable for sequencing determination in a flexible manufacturing system [75]. 

Every input variable was defined by three triangle MFs which overlap with contiguous 

ones to different extents, while nine triangle MFs subdivided the output variable. Totally 81 

(3*3*3*3 = 81) kinds of combinations of input variables are expected, and the more finely the 

output range was divided, the higher the system's resolution could be. And Gheorghe (2013) also 

used triangle MFs to perform fuzzy inference for specific parts of manufacturing. For all input and 

output variables, three full-triangle MFs described the middle range of the universe of discourse. 

Two half-triangle MFs represented the two ends of the discourse domain, respectively. And again, 

these neighboring MFs overlapped with each other by 50% [75]. After the input and output 
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variables are fuzzified, they must be defined by a membership function. A membership function 

(MF) is a curve that represents the feature of a fuzzy set by assigning to each element the 

corresponding membership value or degree of membership. It maps each point in the input space 

to a membership value in a closed unit interval [0, 1].  

The next step is to quantify the linguistic terms and represent them graphically in a fuzzy 

set [75]. It maps each fuzzy set to a value in a closed unit interval [0, 1], and it is called membership 

value or degree of membership. As seen in Figure 7, the x-axis represents an input variable, and 

the y axis represents the corresponding membership value in the closed interval [0, 1]. The number 

of membership functions (MFs) that are needed to describe the variable, the shape of the MFs, and 

the overlap ratio with the adjacent MFs, will impact the output. After rigorous analysis in this case, 

5 MFs are considered as mentioned before, triangular shape with a 50% overlap ratio with adjacent 

MFs are chosen. 

 

Figure 7. Membership Function for input voltage 

Here, the input to 5 level fuzzifier is voltage, and it varies between 0 V and 15 V. Hence, the 

output, which is a reference voltage to the PWM modulator, also changes, thus varying the duty 

cycle. 
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4.4.3 Fuzzy Inference System 

Fuzzy inference maps the given input variables to an output space via fuzzy logic-based 

deducing mechanism, which comprises If-Then rules, membership functions, and fuzzy logical 

operations. Because the form of the If-Then rule fits in human reasoning, and fuzzy logic 

approximates people's linguistic habits, this inference process projects crisp quantities onto human 

language. It promptly yields a precise value as a result, widely adopted [75]. 

Three types of fuzzy inference methods are proposed in the literature: Mamdani fuzzy 

inference, Sugeno fuzzy inference, and Tsukamoto fuzzy inference. All of these three methods can 

be divided into two processes. The first process is fuzzifying the crisp values of input variables 

into membership values according to appropriate fuzzy sets, and these three methods are precisely 

the same in this process. Simultaneously, the differences occur in the second process when the 

results of all rules are integrated into a single precise value for output. In Mamdani inference, the 

consequent of the If-Then rule is defined by a fuzzy set. A matching number will reshape each 

rule's fuzzy output set, and defuzzification is required after aggregating all of these reshaped fuzzy 

sets. But in Sugeno inference, the consequent of the If-Then rule is explained by a polynomial 

concerning input variables. Thus, the output of each rule is a single number. Then a weighting 

mechanism is implemented to work out the final crisp output. Although Sugeno inference avoids 

the complex defuzzification, the work of determining the parameters of polynomials is inefficient 

and less straightforward than defining the fuzzy output sets for Mamdani inference. Thus, 

Mamdani inference is more popular, and this thesis only focuses on the Mamdani inference 

method. Tsukamoto inference seems like a combination of the Mamdani and Sugeno method [75]. 

The user must create a matrix of rules according to the complexity of the control system. In this 

control application, the control system involved is a single input single output (SISO) type. So, 
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there are two fuzzy variables involved in this design. The next step is to form rules according to 

the system requirements. The fuzzy inference system (FIS) evaluates the rules, and then it 

combines all of the results to form a final output, which is a fuzzy value, i.e., in the closed interval 

[0, 1]. 

4.4.4 Defuzzification 

The last step of the fuzzy inference process is defuzzification, through which the combined 

fuzzy set from the aggregation process will output a single scalar quantity. As the name implies, 

defuzzification is the opposite operation of fuzzification. Since in the first procedure, the crisp 

values of input variables are fuzzified into the degree of membership with respect to fuzzy sets, 

the last method extracts a precise quantity out of the range of fuzzy sets to the output variable. So, 

this step involves converting output data into a non-fuzzy value, which is a crisp value. This 

process extracts a scalar quantity as output in the range of the output variable. The output variable's 

membership function, which is the reference voltage for PWM, is shown in Figure 8. If observed, 

the square MF shape with a 0% overlap ratio is chosen to get a wide range of outputs. Also, the 

range of voltages in the x-axis is between 0 V and 1 V, which determines the duty cycle in the 

PWM modulator circuit. Figure 9 shows the defuzzified output in the form of PWM voltage, which 

is proceeded to the PWM modulator block, thereby evaluating the modulation index factor. The 

commonly used Centroid Method [75] has been chosen for this application. It is given by the 

algebraic expression 

 𝑧𝐶𝑂𝐴 =
∫𝜇𝐴(𝑧).𝑧 𝑑𝑧

∫𝜇𝐴(𝑧)
 (24) 
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Figure 8. Membership Function for output. 

where z is the output variable or PWM reference voltage, and μA(z) is the membership function of 

the input voltage with respect to output. As shown in Figure 9, the input from the microcontroller 

is 9.28 V, and the corresponding output from the fuzzy logic controller is 0.618 V. 

 

Figure 9. Mapping fuzzy logic inputs and output. 

4.4.5 Analysis 

The overall process for evaluating the output using a fuzzy logic controller is shown in 

Figure 10. 
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Figure 10. Overview of Fuzzy Logic Controller. 

In total, 30 trials were performed to study the effect of overlap ratio among the adjoining 

MFs. The MFs for the output were separated from the adjacent MFs by a factor of two to acquire 

the monotonicity of the input-output curve. Then, trials were conducted for selecting the quantity 

of MF for each variable. Results disclosed that the linearity of the input-output curve is improved 

when the quantity of the MF increases. The same analogy was applied to evaluate the control 

design for the shunt inverter. Figure 11 provides the control flow of generating PWM signals using 

the Fuzzy Inference System. The overall control flow from calculating three-phase reference 

voltages to generating PWM signals to both the inverters is shown in Figure 11. 
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Figure 11. Flow chart of control flow to generate PWM signals. 

4.5 Neural Networks 

Neural networks, also called artificial neural networks, are an Artificial Intelligence 

technique that mimics human brain-behavior [74]. Due to its learning and generalization 

capabilities, neural networks can be expressed as a mathematical representation of the human 

neural architecture [76]. Neural networks have been used in different areas, such as banking, sales, 

marketing, education, power, space, etc. They have been applied to medical diagnosis problems, 

credit ratings, pattern recognition, sales forecasting, and electrical load forecasting. Wherever a 

relationship exists between explanatory variables (inputs) and explained variables (outputs), neural 

networks can be applied [74]. They are mostly applicable where the input-output relationship is 
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complicated or unknown [76]. An artificial neural network includes three layers: input, hidden 

(invisible), and output. The input layer is expected to receive data from the external environment. 

The input data may be normalized to improve the results. The hidden layer, which is comprised of 

neurons, is expected to transform the input into a form that the output can use. The output layer is 

also comprised of neurons and is expected to produce and present the final outputs. Depending on 

how the neurons are interconnected, the composition of the layers, and the neurons' disposition, 

the main architecture of artificial neural networks can be classified as single-layer feedforward 

neural network, multilayer feedforward network, recurrent network, or mesh network [76]. 

Multilayer Perceptron (MLP) is one of the main networks using multilayer feedforward 

architecture. The corresponding feedforward network for this project is, as shown in Figure 12. It 

consists of an input layer, a hidden layer, and an output layer.  

 

Figure 12. Multilayer Feedforward Network 

 

 

 



 

41 

4.5.1 Algorithm for Neuro Controller: 

1. Assume the inputs and outputs in the normalized form with respect to their maximum 

values, and these are in the range of 0-1. 

2. Assure the number of input stages given the network. 

3. Indicate the number of hidden layers for the network. 

4. Design the new feedforward network based on the system parameters' transig' and 

'poslin'. 

5. Assume the learning rate be 0.02 for the given network. 

6. Identify the number of iterations for the system. 

7. Enter the goal. 

8. Train the network based on the given input and outputs. 

9. For the given network, generate simulation with a command 'genism.' 

4.5.2 Advantages of Neural Networks: 

The advantages of using artificial neural networks are that they are data-driven and do not 

require any restrictive assumptions on the model's form. They can generalize after training by 

using the real data the neural network response to the new data that has not been used in the training 

phase. They can detect complex non-linear relationships between dependent and independent 

variables. No specific method exists to determine the most appropriate neural network structure 

before training, so the neural network model is generally designed through a trial and error 

procedure [76]. In other words, all possible neural network model structures are trained by using 

the training data set and tested by using the testing data set. The neural network model structure 

providing the best results, with the smallest error, is eventually selected. Neural network 
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architectures can be grouped into supervised and unsupervised networks. Supervised neural 

networks are trained to produce sample inputs. They are well-suited for modeling and controlling 

dynamic systems and predicting future events. Some of the supervised networks include 

feedforward, radial basis, and learning vector quantization. Feedforward networks are most 

commonly used for prediction and pattern recognition and include feedforward backpropagation, 

cascade feedforward backpropagation, and perception networks. Unsupervised neural networks, 

such as self-organizing maps, can adjust themselves to new inputs. 

For this study, the feedforward backpropagation network was chosen based on the 

properties of the problem and after experimenting with different network types. Neural networks 

are retrained until the desired accuracy has been reached. Different training functions exist and are 

chosen depending on the kind of problem. Scaled Conjugate Gradient and Resilient 

Backpropagation are appropriate for training large networks and pattern recognition networks [77]. 

Levenberg-Marquardt is the fastest training function, being suitable for training small- and 

medium-sized networks. Being one of the most efficient algorithms, Levenberg-Marquardt is 

highly recommended for neural networks [77]. Considering the features of the problem in this 

study, Levenberg-Marquardt was chosen as the training function. And Figure 13 shows the 

mapping of input and output layers designed in MATLAB for this project. 
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Figure 13. Mapping ANFIS inputs and output 

 

4.6 ANFIS Acclimation 

An adaptive neuro-fuzzy inference system (ANFIS) is based on the Sugeno fuzzy inference 

system. It consolidates both the fuzzy logic and neural network laws, and this integrated system 

has the potential to capture the benefits of both of the systems in a single framework. The 

membership functions' behavior depends on specific parameters, and any variation in the 

parameters will alter the behavior of the membership function. Instead of arbitrarily choosing the 

membership function parameters based on user analysis, the ANFIS structure determines 

membership function parameters automatically. ANFIS was introduced by Jang [78]. ANFIS is 

used for modeling, controlling, and parameter estimation in complex systems. ANFIS is a 

combination of an artificial neural network (ANN) and fuzzy inference system (FIS). Combining 

the ANN and fuzzy-set theory can provide advantages and overcome the disadvantages in both 

techniques. 
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The ANFIS model can be trained without relying solely on expert knowledge sufficient for 

a fuzzy logic model. The ANFIS model has the advantage of having both numerical and linguistic 

knowledge. ANFIS also uses the ANN's ability to classify data and identify patterns. Compared to 

the ANN, the ANFIS model is more transparent to the user and causes fewer memorization errors. 

Consequently, several advantages of the ANFIS exist, including its adaptation capability, non-

linear ability, and rapid learning capacity. This approach is essentially a rule-based fuzzy logic 

model whose rules are developed during the model's training process. The training process is data-

based. ANFIS constructs a fuzzy inference system (FIS) whose membership function parameters 

are derived from the training examples. The most commonly used fuzzy inference systems are 

Mamdani and Sugeno. Mamdani and Sugeno's main difference is that the Sugeno system's output 

membership functions are either linear or constant [78]. However, the output membership 

functions of the Mamdani system can be triangular, Gaussian, etc. In this study, the Sugeno-type 

fuzzy inference system was used because the Sugeno-type system is more computationally 

efficient than the Mamdani type. The Mamdani type is more reliant on expert knowledge. 

However, the Sugeno type is trained by real data [79]. 

4.6.1 Creating a Sugeno System 

So far, Mamdani systems have been used, but ANFIS supports only the Sugeno type 

system. This is no different than the previously created one, except there is no defuzzification 

method to evaluate as it is accounted for by the ANFIS system. 

4.6.2 Know your Data 

As the emphasis is on the real-time data, training data has to be tabulated. The parameters 

are associated with membership functions and change accordingly during the learning process. 

These parameters are assisted by a gradient vector, which provides a measure of input-output data 
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for a given set. The ANFIS in this current project uses a backpropagation algorithm for 

membership function parameter estimation [80]–[82]. 

4.6.3 Implementation 

Before hardware implementation, MATLAB provides several options for evaluating the 

data that needs to be used in training the ANFIS controller. Different layers are involved in the 

ANFIS controller; however, this study has not been emphasized as many research articles have 

provided explanations for this process [83]. Figure 14 shows the PWM output from the given set 

of training data to the ANFIS controller. The PWM output voltage then calculates the modulation 

index, thereby deciding the percentage of duty cycle to be fed to the inverter. The overall process 

for the ANFIS controller is shown in Figure 14.5. 

 

Figure 14. Mapping ANFIS inputs and output 

Figure 15 gives the output captured from the ANFIS controller, which will be the input for the 

PWM modulator circuit, as shown in Figure 3. The three reference sinusoids are 120° apart to 

produce a balanced three-phase output. 
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Figure 15. Overview of ANFIS Controller. 

Figure 16 shows a triangular carrier and the three-phase reference waves, which are the 

ANFIS/fuzzy logic controller outputs. The switching pattern for the six IGBTs in view of the series 

inverter and the shunt inverter are shown in Table 1 determines the ON-OFF conditions for both 

of the inverters in accordance with the output obtained from the controller. Harmonics will be 

minimized if the carrier frequency is chosen to be an odd triple multiple reference frequency. 

Figure 16 shows output waveforms for voltage from the inverter between phase to neutral and 

phase to phase. 

 

Figure 16. Waveforms of three-phase inverter corresponding to the PWM signal. 
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Table 1 Switching Pattern for Series and Shunt Inverters 

Case Series 

Inverter 

Shunt 

Inverter 

Va>Vtri Q1 ON Q7 ON 

Va<Vtri Q2 ON Q8 ON 

Vb>Vtri Q3 ON Q9 ON 

Vb<Vtri Q4 ON Q10 ON 

Vc<Vtri Q5 ON Q11 ON 

Vc>Vtri Q6 ON Q12 ON 

 

A commercially available microcontroller (MSP430x14x) was used in this application to 

implement the ANFIS controller. The block diagram for implementing the system in real-time is 

shown in Figure 17. The microcontroller is sourced by a 5 MHz high-resolution clock that is used 

for PWM generation. After setting up the clock system, the peripherals were configured. The 

MSP430 watchdog timer was set as an interval timer. The Interrupt Service Routine (ISR) function 

was programmed to wake up the CPU from low-power mode. 
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Figure 17. Real-time implementation of the ANFIS control system. 

After peripheral configuration, the actual control loop was entered, and the input 'voltage' is 

calculated based on training data using the ANFIS mechanism. 
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SIMULATION AND RESULTS 

To study the performance of the proposed control scheme, it was executed in a 

MATLAB/Simulink environment for the test system, as shown in Figure 18. It then experimented 

on the prototype model built. The MATLAB modeling is done at a power level of 10KVA, whereas 

the prototype was developed at a 1KVA power level.  The microgrid system employs two DG 

units, one PV and one wind, which can coordinate with the utility grid, or in islanding mode when 

the main grid is unavailable to serve consumer load. 

 

Figure 18. Test System with UPQC connected. 

The control scheme, discussed in earlier sections, makes it possible to support the grid in different 

scenarios. The test system as shown in Figure 18, along with the proposed model, consists of a 

micro-grid integrated system, three-phase loads of both linear and non-linear type, two VSIs 

composed of three-leg IGBT modules, ANFIS-based control systems to control the outputs of two 

VSIs, a DC link capacitor, and some ripple filters as characterized in the earlier sections. This 
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system is simulated under different conditions; a secondary distribution system model analogous 

to the IEEE 30 bus system was designed [84]-[86]. The system was designed to connect primary 

feeders and lateral feeders to the secondary feeders. It was then modeled from the substation 

transformer, as shown in Figure 18 to the household level. Each feeder was connected to an 

individual type of linear and/or non-linear load and only some are shown for simplicity. The data 

for this case study is taken from [87]–[90]. Several scenarios were tested, and the key results are 

presented in this section. 

5.1 Voltage and Power magnitudes 

The UPQC for this 30-feeder distribution system was designed according to its suitable 

voltage levels, is also built for a secondary distribution level. The proposed UPQC-P was applied 

at PCC, and faults were applied at three different locations: viz., feeder 4, feeder 12, and feeder 14 

of the test system. The active and reactive power flows along with the voltages were studied at 

these buses with and without the application of UPQC-P under a fault condition. The fluctuations 

in the amplitude of voltage in relation to the variations of active and reactive power flows were 

studied carefully during fault conditions.  

5.1.1 Three-Phase-to-Ground Fault (LLL): 

A 10 kVA UPQC is connected to feeder 4 to assess its contribution to the restoration of 

network voltages during the sag. Initially, three-phase faults are simulated in the network without 

the UPQC, and voltages at all other network feeders are calculated. Faulted feeders are selected so 

that the faults resulting in voltage sags at feeder 4 have magnitudes ranging from 0.1 p.u. to 0.9 

p.u. Sag calculation is then repeated with the UPQC connected at feeder 4. The resulting network 

sag performance is illustrated in Figure 19 and 20. It can be seen that UPQC improves voltages for 

all faults, mainly those that are electrically close to feeder 4. The bus voltage is plotted on the Z-
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axis, and active-reactive powers are plotted on the X and Y axes, respectively. The bus voltage's 

overall improvement is about 30%, which is proportional to the sag amount. 

 

Figure 19. Sag magnitudes with a three-phase fault at feeder 4. 

 

Figure 20. Reduced sag magnitudes with the application of the UPQC at feeder 4. 

5.1.2 Single-Phase-to-Ground Fault (LG):  

LG faults (phase A is the faulted phase) are simulated at feeder 12, and the results of the 

calculation illustrated in Figure 21 and 22. It can be seen that the UPQC compensates voltage 

magnitudes in all three phases. It injects reactive power when the sag voltage is below the pre-
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fault value and absorbs reactive power when the swell voltage is above 1.1 p.u. Voltages in feeder 

12 are either brought within the 10% limit or smoothened. 

 

Figure 21. Voltage and power magnitudes during a fault condition at feeder 12. 

On comparing Figure 21 and 22, it can be seen that the UPQC with the proposed ANFIS 

controller improves voltage magnitudes and reduces the rapid distortions in power. Power and 

voltage distortions were compensated within a time frame of 0.3 s, which indicates the controller 

response time. 

 

Figure 22. Effect of ANFIS UPQC-P connected at feeder 12 after the fault. 
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5.1.3 Double-Phase-to-Ground Fault (LLG):  

LLG faults phase A and B are the faulted phases are simulated at feeder 14, and the results 

were shown in Figure 23 and 24. It can be seen that with a UPQC connected at feeder 14, the 

voltage magnitudes are all improved by mitigating the voltage sags. 

  

Figure 23. Line to line fault at feeder 14. 

The effect of the UPQC is pronounced clearly in Figure 24. The dip in power in Figure 23 

occurred during the fault condition; during this time frame, the ANFIS control algorithm calculated 

the error signal and produced proper gating signals for both the inverters to input the required 

voltage and current. As in all previous cases, voltages in all phases were significantly improved 

by UPQC. The amount of restoration depends on the severity of the fault and the P, Q capability 

of the UPQC.  
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Figure 24. Reduced spikes in voltage under UPQC-P at feeder 14. 

5.2 Voltage and Current waveforms 

This section deals with the fundamental voltage and current waveforms of the 

interconnected system, which interprets a) the distorted voltage waveforms of the main grid as the 

voltage disturbances result from the source side, and the distorted current waveforms of microgrid 

are due to the presence of non-linear loads, b) the necessary injection of both voltage and currents 

by the UPQC, which shows its effect, and c) the desired microgrid voltages and harmonic-free 

main grid currents. The three-phase source voltages are demonstrated in Figure 25, which shows 

the system grid voltages under the fault condition. The fault condition is created in the distribution 

side before the point of common coupling. The type of fault created is temporary. The UPQC-P 

responds to this voltage sag condition within minimum time, and DVR acts by injecting the 

necessary voltage, as shown in Figure 26 and 27 shows the voltages at PCC returning to normal 

voltage levels. 
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Figure 25. PCC voltage under fault condition. 

 

Figure 26. Injected voltage by the DVR. 

 

Figure 27. Pollutant free voltages at PCC. 

Similarly, Figure 28 demonstrates the results of load currents on the consumer end. Under 

a fault condition, the DSTATCOM of the UPQC-P acts on reducing the harmonic content. Due to 

the occurrence of the temporary three-phase fault (self-clearing fault) before the point of common 

coupling, the system experiences voltage interruption in the short period. Figure 28 shows the 

distorted currents, Figure 29 shows the effect of the proposed controller, and Figure 30 gives the 

harmonic-free content in the grid. 
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Figure 28. Harmonic content in source currents. 

 

Figure 29. Injected current by the DSTATCOM. 

 

Figure 30. Pollutant free currents at the consumer load end. 

5.3 FFT Analysis 

This segment deals with the Fast Fourier Transform (FFT) analysis in which the total 

harmonic distortion (THD) content of the system is extracted from the simulated interconnected 

system. The FFT is a mathematical technique for transforming a function of time into a function 

of frequency. In some cases, it is depicted as transforming from the time domain to the frequency 

domain. It is beneficial for the analysis of time-dependent phenomena. Comparison of THD 

content of load currents with different controllers are made in the following section, which displays 

noticeable changes after employing converters starting with PI, then fuzzy logic, and finally, by 

employing the ANFIS-based controller. As per IEEE 519 standards, for systems 69 kV and below, 

the harmonic distortion factor is limited to 5% [91].  
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5.3.1 Case 1: Without any Controller 

The proposed system was tested under no controller operation to demonstrate the impacts 

of various controllers starting with Figure 31.  

 

Figure 31. THD of load currents without any controller. 

5.3.2 Case 1: With PI Controller 

The proposed system was tested with the simple PI technique to control both VSIs and 

decrease the distortion content. The traditional PI controller is straightforward in nature and 

operates on gain factor. It reduced harmonics to some extent, with a THD content of 14.74%, as 

shown in Figure 32.  
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Figure 32. THD of load currents with PI controller. 

5.3.3 Case 2: With fuzzy controller 

Using the fuzzy controller, the harmonics were further reduced, to a THD content of 6.13% 

as shown in Figure 33. 

 

Figure 33. THD of load currents with Fuzzy controller. 

5.3.4 Case 3: With ANFIS controller 

As seen above, both PI and fuzzy controllers successfully reduced the THD to some extent, 

but it can be filtered further using the ANFIS controller, as shown in Figure 34. In this case, the 
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THD content has decreased to a value of 2.43%, which is well within IEEE 519 standards' 

recommended limits. 

 

Figure 34. THD of load currents with ANFIS controller. 

5.4 Experimental Validation 

To validate the operation of the proposed scheme, a UPQC prototype topology with shunt 

and series converter rating 1 kVA, as shown in Figure 4 is developed. The control system for the 

UPQC-P is developed per Figure 17. The UPQC is realized with two Metal Oxide Semiconductor 

Field Effect Transistor (MOSFET) modules. 

5.4.1 Schematic Design  

The schematic of the proposed UPQC, including the inverters, control circuit boards were 

designed using Autodesk Eagle software, as shown in Figure 35. Generating PWM signals to both 

the inverters using a fuzzy logic controller through microprocessors is crucial in this design. 

Several op-amps, a driver circuit, microprocessors were involved in this design, and only the driver 

circuit is shown in the schematic.  
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Figure 35. Control diagram schematic for VSIs. 

5.4.2 Prototype Design 

The prototype design represents the complete assembly of the overall system of the UPQC, 

including series VSI, shunt VSI, DC link capacitors, signal conditioning boards, and load. The 

complete experimental setup is shown in Figure 36. 
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Figure 36. Experimental setup with the prototype UPQC-P. 

5.4.3 Experimental Results 

The experimental results are presented in Figures 37-39. These results are for the prototype 

shown in Figure 36 that was tested under a 1 kW load condition for different voltage sag and swell 

operating conditions. The results are configured by designing a proper shunt, through which the 

voltages are calculated and scaled to source and load current values. In Figure 37, the grid voltage 

was shown distorted under a fault condition. The grid voltage is around 180V under this sag 

condition. DVR injects the necessary voltages into the grid, as shown in Figure 38. And the load 

voltages are restored to a normal level, as shown in Figure 39. 

Similarly, the current waveforms from the experimental setup can be observed from 

Figures 40-42. The harmonics in the source currents due to a faulted condition in response to 

Figure 37 is shown in Figure 40. The DSTATCOM part of the UPQC has compensated currents 

to reduce harmonic content shown in Figure 41. As a result, clean load end currents are obtained 

in Figure 42. 
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Figure 37. Grid voltage under fault condition. 

 

Figure 38. Injected voltage by the UPQC. 

 

Figure 39. Pure voltages at PCC. 
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Figure 40. Harmonics in source currents. 

 

Figure 41. Injected current by UPQC. 

  

Figure 42. Clean load end currents. 
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The design parameters are taken, as shown in Table 2. The simulation results and the 

experimental results are very close and demonstrate the proposed controller performance under 

pragmatic conditions. 

Table 2 UPQC Prototype Parameters 

Parameter Value 

Voltage 230 V 

Grid frequency 60 Hz 

Power rating 1 kVA 

DC-link voltage 300 V 

DC-link capacitors 10 F 

Series and Shunt VSI Filters Lf = 0.8 mH; Rf = 2 ; Cf = 0.5 F 

Switching frequency 1.8 kHz 

Voltage rating of IGBTs 400 V 

Current rating of IGBTs 2 A 



 

65 

 

CONCLUSIONS 

With the increased capability of different kinds of renewable energy resources at the 

standard household level and integrating the microgrid and main grid, the lack of state-of-the-art 

methods for ensuring consistent power quality is a major challenge. To regulate voltage and ensure 

harmonic and distortion-free currents at the consumer end, an advanced control system using a 

UPQC-P is proposed. Comparison with different control techniques were presented in Figure 43. 

 

Figure 43. THD comparison for load currents with different controllers. 

The device is installed at PCC with the microgrid and other electrical loads connected to 

and designed to deal a wide range of PQ problems. The design concept has been tested under 

several conditions, and results shown the unique, controlling action handling variety PQ issues, 
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thus increasing overall reliability at PCC. The proposed system was evaluated using 

MATLAB/Simulink. Furthermore, a prototype of the model, named UPQC-P, was developed. It 

was applied to a 30-feeder distribution system having several types of faults, and the voltage and 

power magnitudes at several buses were closely monitored. The proposed control strategy 

responded within a timeframe of 0.3 s, reduced peak voltage distortions, and restored voltage to a 

normal level at the interconnecting point. Moreover, the THD content of currents decreased from 

21.13% to 14.74% when a PI technique was used to control the UPQC-P. Finally, in this scenario, 

the proposed ANFIS-based UPQC-P was able to reduce the harmonic content to 2.43% from 

21.13%. 
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