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This research investigates the utilization of a unified power quality
conditioner (UPQC) to address power quality issues in the electrical grid and
mitigate harmonics introduced by non-linear loads. The UPQC system is
augmented by a combination of photovoltaic (PV) and battery energy
storage system (BESS). Typically, the PV system supplies active power to
the load. However, in cases where the PV system cannot provide sufficient
power, the BESS is activated to ensure a continuous power supply,
particularly during prolonged voltage interruptions. To enhance system
reliability and reduce dependency on environmental conditions, a hybrid PV-
BESS system is proposed. The inclusion of the BESS improves long-term
voltage support capabilities, simplifies the DC-link voltage regulation
algorithm, and facilitates the production of clean energy. For efficient phase
synchronization operation of the UPQC controller under unbalanced and
distorted grid voltage conditions, a self-tuning filter (STF) integrated with
the unit vector generator (UVG) technique is employed.
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1. INTRODUCTION

The concept of flexible AC transmission systems (FACTS) involves the application of advanced
power electronics technology to existing AC transmission systems [1], [2]. This technology aims to enhance
stability and increase the usable power transmission capacity up to its thermal limit. One of the devices used
in FACTS is the unified power quality conditioner (UPQC), which provides simultaneous control over
transmission line impedance, phase angle, and voltage [3]-[5]. The UPQC consists of two power electronic
inverters that are interconnected via a shared DC link. These inverters are accompanied by transformers,
which serve the purpose of isolating the UPQC and aligning the voltage levels between the power system and
the power electronic inverters [6]-[8]. One of the inverters is directly connected to the transmission line and
serves as a series inverter. It has the ability to generate a controllable voltage with adjustable magnitude and
phase angle. This series inverter is capable of supplying both real and reactive power to the transmission line,

Journal homepage: hitp://ijape.iaescore.com/


https://creativecommons.org/licenses/by-sa/4.0/

2 a ISSN: 2252-8792

thus offering control over power flow. The second inverter is primarily responsible for supplying the real
power required by the series inverter but can also function independently as a VAR compensator. This
arrangement allows the UPQC to effectively manage the flow of both real and reactive power within the
transmission line [8]-[10].

The UPQC comprises two voltage source inverters (VSIs) that can operate autonomously by
isolating the DC side. When configured in this manner, the shunt inverter performs as a static synchronous
compensator (STATCOM) [11]-[14]. Its main role is to generate or absorb reactive power in order to regulate
the voltage magnitude at the point of connection. On the other hand, the series inverter functions as a static
synchronous series compensator (SSSC). It is responsible for generating or absorbing reactive power to
control the current flow and subsequently regulate the power flow on the transmission line [15]-[18]. This
arrangement ensures that the voltage and power characteristics of the system are effectively managed while
addressing power quality issues. The UPQC offers the advantage of separately controlling real and reactive
power, making it suitable for improving power quality. In this proposed study, a two-bus system is modeled
and simulated with the inclusion of UPQC. Additionally, a 14-bus system is modeled and simulated with and
without UPQC. The investigation of real and reactive power reveals that the real power increases with the
injection angle, while the reactive power increases with the shunt voltage injection [19]-[25].

Simulink models are developed for three types of UPQC: pulse width modulation (PWM) inverter-
based UPQC, space vector modulation (SVM) inverter-based UPQC, and multilevel inverter (MLI)-based
UPQC. The results from these three cases are compared. Furthermore, the concept of multiple and distributed
dynamic voltage restorer (DVR) is introduced to enhance the voltage profile of the system. This paper is
organized as follows: section 1 describes the introduction, section 2 describes the methodology, section 3
presents the results and discussions, and section 4 provides the conclusion.

2. METHODOLOGY

The above literature does not deal with modeling 14 and 30-bus systems using MATLAB/Simulink.
This work proposes models for 14 and 30-bus systems employing UPQC. The effects on real power and
reactive power and voltage are investigated. This work deals with the control of real and reactive power in
power system using MATLAB/Simulink. A unified power flow controller (UPQC) is a shunt-series type
converter used for improving power quality. The UPQC controls the real and reactive powers by varying the
firing angle of the rectifier and inverter. The circuit model for UPQC is developed using MATLAB/Simulink
and it is used for simulation studies for various systems. Multilevel inverter-based UPQC is not present in the
literature. SVM-based UPQC system does not exist in the literature. This work proposes SVM-based UPQC
system and multilevel inverter for the control of power. The concept of UPQC with distributed DVR is
proposed to improve the voltage quality.

2.1. Literature survey

Kim and Sul [1] discussed the control of compensation voltages in dynamic voltage restorers
(DVRs). They analyzed the power circuit of a DVR system to establish control limitations and targets for
compensation voltage control. They developed a combined feedforward and state feedback control structure
for the compensation voltages, considering control delay and closed-loop damping factor. Gao et al. [2]
analyzed Z-source inverter modulation and demonstrated how conventional PWM strategies for voltage
source inverters can be modified for Z-source inverters. They verified their theoretical and modulation
concepts through simulations and experiments.

Vilathgamuwa et al. [3] proposed a new topology based on the Z-source inverter for DVRs to
enhance voltage restoration. The proposed topology utilized the shoot-through capability of the inverter to
ensure a constant DC voltage across the DC link, improving energy utilization. The system and its controller
were tested through simulations and experiments, demonstrating effective compensation of voltage sags
while fully utilizing stored energy. Ramasamy et al. [4] presented a DVR system using three-dimensional
space vector pulse width modulation (3D-SVPWM). Their control scheme mitigated zero sequence
components by including a zero-axis in addition to the conventional alpha-beta axes. The proposed solution
offered versatile voltage sag compensation for fault-affected three-phase power systems.

Omar and Rahim [5] discussed DVR control based on d-q transformation. They presented a control
system that utilized a scaled error of the DVR's source side and its reference for sag/swell correction. The
DVR provided quick compensation, excellent voltage regulation, and could handle balanced and unbalanced
situations effectively. Lam ef al. [6] addressed voltage swell and overvoltage compensation in a diode bridge
rectifier-supported transformer-less coupled DVR. They proposed a novel unidirectional power flow control
algorithm that effectively suppressed the continuous rise in the DC link voltage during swells. Simulation and
experimental results for unbalanced voltage swell compensation were presented.
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Benachaiba and Ferdi [7] discussed DVR principles and voltage restoration methods at the point of
common coupling. They highlighted the effectiveness and efficiency of DVRs in solving voltage sag and
swell problems, emphasizing their lower cost, smaller size, and fast dynamic response. Nour and Helal [8]
presented a DVR based on a firing control strategy for a three six-switch voltage source inverter (VSI). Their
strategy combined 180 and 120 conduction modes to generate a new operating mode, resulting in a seven-
level, 12-step output voltage waveform resembling a sinusoidal shape.

Naidu [9] described the closed-loop control of a four-leg voltage source converter (VSC)-based
DVR. They used a weighted, recursive, least square estimator to resolve the three-phase input variables into
positive, negative, and zero sequence components. They tested the performance of the DVR through
simulations and experiments. Kumar and Mishra [10] proposed a filter structure to improve the performance
of a switching band controller-based DVR. They presented the filter structure and an adaptive band controller
for the DVR, highlighting the fast dynamic response, robustness, and ease of implementation. The proposed
approach was validated through power systems computer aided design (PSCAD) simulation studies.

2.2. Basic circuit of UPQC

The unified power flow controller (UPQC) is composed of two switching converters, specifically
voltage-source inverters, as depicted in Figure 1. These inverters, referred to as "Converter 1" and "Converter
2" are shown in Figure 1 and operate using a shared DC link provided by a DC storage capacitor. This
configuration functions as an ideal AC-to-AC power converter, allowing real power to flow bidirectionally
between the AC terminals of the two inverters. Each inverter can independently generate or absorb reactive
power at its respective AC output terminal. Figure 1 shows UPQC connected to a transmission line.

2.3. Control strategy for shunt converter

The measured load current is converted into a synchronous duo-reference system. With this
transformation, the underlying positive-sequence components converted to d- and g-axis DC amplitudes can
be easily extracted by a low-pass filter (LPF). Furthermore, all harmonic components are transformed into
AC quantities with a fundamental frequency shift [3].

The shunt compensator operates at maximum power and draws maximum power from the PV
system. The maximum power point tracking (MPPT) algorithm creates a DC link voltage reference for
UPQC. Current from the intermediate circuit is transferred to the network by electricity. The mains current is
compared with the target current and fed to the hysteresis controller. A hysteresis controller generates the
gate pulse for the shunt converter [8]. Figure 2 deals with the control structure of the shunt compensator.
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Figure 1. UPQC connected to a transmission line

2.4. Control of series compensator

The bus voltage is sensed and converted to a synchronous dq0 reference frame. Series compensator
control strategies include pre-embedded compensation, common-mode compensation, and power-optimized
compensation. In this study, the series compensator applies a voltage that is in phase with the supply voltage,
which helps to produce the minimum voltage applied to the series compensator. Figure 3 shows the control
structure of the series compensator. The base component of the PCC voltage was extracted using the PLL and
used to generate reference axes in the d-q-0 domain. The reference load voltage is generated using phase and
frequency detection of the PCC voltage obtained with the PLL.
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The PCC voltage and the load voltage are transformed into the d-q-0 domain. The load reference
voltage must be in phase with the PCC voltage, so the peak load reference voltage is the value of the d-axis
component of the load reference voltage. The q-axis component is kept at zero. The change between the load
reference voltage and the PCC voltage produces the reference voltage for the series compensator. The change
between the load voltage and the PCC voltage produces the actual series compensator voltage. The change
between the reference voltage and the actual series compensator voltage is fed to the PI controller to generate
the appropriate reference signal. These signals are converted to the ABC domain and fed through a pulse
width modulation (PWM) voltage regulator to generate a suitable gate signal for the series compensator [15].
Figure 3 shows the control structure of the series compensator.
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Figure 2. Control structure of shunt compensator
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Figure 3. Control structure of series compensator

3.  RESULTS AND DISCUSSION

The three-phase system is designed for the PV-BESS-UPQC model. The PV-BESS-UPQC
comprises of series and shunt APF compensator linked with DC-link split capacitor. The battery and the PV
array are linked parallelly to the DC-link. The PV is linked through a boost converter to the DC-link.
Moreover, the BESS is linked through a buck-boost converter to the DC-link. The series compensator works
likea controlled voltage source manner and mitigates the supply voltage sags, swells, interruptions, and
voltage harmonic. On the other hand, the shunt compensator mitigates the current harmonics for the load.
Both the series and shunt APF compensator are attached through interfacing inductors. In the UPQC system
configuration, due to the converter switching action, harmonics are generated and therefore, a ripple filter is
utilized to filter out harmonics. The series compensator uses a series injection transformer to insert voltage to
the grid. In this work, a three-phase non-linear load is utilized. The PV-BESS-UPQC design procedure starts
with the accurate measurement of PV array, split capacitor, and reference voltage of DC-link. The design of
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the shunt compensator follows the way that apart from mitigating current harmonics it controls the peak
output power from PV array. Figure 4 shows MATLAB simulation for three phase inverter integrated FC.
Figure 5 shows three-phase grid voltage and current for integrated UPQC. Figure 6 shows three phase shunt
inverter voltage and shunt inverter current for integrated UPQC. Figure 7 shows comparison between grid
voltage, load voltage, and voltage injection for integrated UPQC. Figure 8 shows load voltage and load
current before the inveter integrated UPQC. Figure 9 shows power-voltage curve of PV system for different

irradiance and power-current curve of PV system for different irradiance.
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Figure 7. Comparison between grid voltages, load voltage, and voltage injection for integrated UPQC
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The power vs voltage curve for a photovoltaic (PV) array describes the relationship between the
output power and the operating voltage of the array. It provides valuable information about the array's
performance under different conditions. The power vs voltage curve typically exhibits a characteristic shape
known as the "I-V curve" (current vs voltage curve). The shape of the power vs voltage curve depends on
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various factors, including the PV module technology, temperature, shading, and the amount of sunlight
hitting the array. It is typically a downward-sloping curve, with the maximum power point located at a
specific voltage and current combination. By analyzing the power vs voltage curve, engineers and system
designers can optimize the operation of the PV array, ensuring it operates at or near the maximum power
point for maximum energy conversion efficiency. Figure 10 illustrates the PV system output with respect to
temperature, followed by the overall PV power output depicted in Figure 11. The corresponding load demand
is presented in Figure 12, while the grid power profile is shown in Figure 13. Finally, Figure 14 displays the
inverter power.
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The performance of a PV array is influenced by the environmental conditions, primarily temperature
and irradiance (amount of sunlight). Here's a description of how these factors affect the PV array:
i) Temperature: The temperature of the PV array affects the efficiency and power output of the solar cells.
Generally, as the temperature increases, the efficiency of the solar cells decreases. This is because higher
temperatures can cause an increase in the internal resistance of the cells and reduce the voltage output.
However, the decrease in efficiency varies depending on the specific technology and design of the PV
modules. ii) Irradiance: The amount of sunlight or irradiance directly impacts the power output of the PV
array. Higher levels of irradiance result in increased power generation, while lower levels of irradiance lead
to reduced power output. PV arrays typically have a linear relationship between irradiance and power output,
meaning that doubling the irradiance will roughly double the power output.
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Figure 14. Inverter power

The results presented are studied on a single machine infinite bus (SMIB) power network, which
reflects suitability of this approach in tuning UPQC control parameters and is also extendable to multi-area
systems. In this model, two voltage sources are used to represent the fundamental components of the PWM-
controlled output voltage waveform of the two branches in the UPQC. The impedance of the two coupling
transformers is included in the proposed model, and the losses of UPQC depict the voltage source equivalent
circuit of UPQC. The series injection branches a series injection voltage source and performs the main
functions of controlling power flow, whilst the shunt branch is used to provide real power demanded by the
series branch and the losses in the UPQC. However, in the proposed model, the function of reactive
compensation of the shunt branch is completely neglected.

4. CONCLUSION
This research paper introduces the new capabilities of performance investigation of optimal design

three-phase solar PV integrated unified power quality conditioner (UPQC) as a hybrid renewable energy
device with energy management techniques. The simulation results show the efficiency of the power angle
control and the efficiency of the distribution equipment filtering device during the entire UPQC reduction
test. This approach also ensures a constant/required low voltage of high quality. This document shows how to
easily tune serial and parallel APFs without losing the ability to improve power quality and eliminate
persistent currents. This scheme shows that a small index of the operating level reduces the maximum value
of vibration associated with the current position and the effective forces drawn from that position, and
responds to APF. It should be noted that the research results show potential future applications in renewable
energy sources and smart grids.
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