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The identification and reduction of power quality events have become
essential because of the growing interest in incorporating renewable energy
sources to power system. The primary aim of this paper is to compare the
performances of dynamic voltage restorer (DVR), unified power flow
controller (UPFC) and unified power quality conditioner (UPQC) to improve
power quality issues in grid-connected photovoltaic/wind/battery system by
mitigating total harmonic distortion (THD). The results of the proposed
research have been validated using MATLAB platform. The comparative
analysis of DVR, UPFC, and UPQC in mitigating THD in a grid-connected
PV/wind/battery system is presented in this paper. The comparative analysis
of the results depicts that THD in voltage decreases from 51% to 44.67%,
20.94%, and 16% whereas THD in current decreases from 58% to 44%,
29.26%, and 22% after implementation of DVR, UPFC, and UPQC

Unified power quality respectively in the proposed photovoltaic/wind/battery system. The
conditioner effectiveness of the proposed system has been confirmed by comparing the
results with already published techniques.
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1. INTRODUCTION

The sources of renewable energy become important because of environment degradation due to the
consumption of fossil fuels. Solar and wind energy are the two most widely used green energy sources. But
the main limitation of these two most used renewable energy sources is their dependent nature as their
operation completely depends on the environmental factors such as availability of sunlight and wind [1].
There is occurrence of power quality issues (PQI) when these sources are integrated with the existing power
system [2]. Despite the occurrence of PQI due to their grid-interconnection, these renewable energy sources
are in demand at a present time as these provide better air quality, good public health, produce lesser
greenhouse gases and are cost effective [3]. In the recent years, the use of renewable energy has begun to
expand to almost every country, because of the short comings of the traditional energy sources, such as fossil
fuel exhaustion, non-flexibility, ageing and also very low energy efficiency [4]. In a smart grid, the storage
system is essential because load demand may sometimes exceed photovoltaic (PV) and wind turbine energy
conversion system production. The power needed to fulfil load demand in the event of no generating power
and to store extra power above and beyond load demand is taken into account while designing the size of the
battery storage [5]. Because wind and PV systems rely on nature, their power inputs vary greatly as well. The
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power quality (PQ) improvement in the ac-bus and constant power at the DC-link are significant problems
[6]. Distributed flexible AC transmission system (D-FACTS) devices improve various system parameters
such as controllability, stability, and power transmission capacity. The D-FACTS devices also enhance the
power system's performance. Dynamic voltage restorer (DVR), unified power flow controller (UPFC) and
unified power quality conditioner (UPQC) are the most widely used D-FACTS devices used in smart grids
with renewable energy sources [7]. Power flow control has become very important in smart power networks
that need to include higher percentages of variable renewable energy sources. Power electronics components
included in most of renewable energy sources introduce harmonics into grid-connected systems [8], [9].

Hatnapure and Chandrakar [10] reduced harmonics in order to regulate the performance of pulse width
modulation based UPFC. A study is being conducted by Li ef al. [11] to ascertain whether the UPFC can be
implemented in the power grid in order to address the problems of increasing power supply capacity. Song et al.
[12] done the analysis on the effects of grid structure characteristics and UPFC location on the needed capacity
per transferred power flow. Jing ef al. [13] examined the algorithm for power flow with a UPFC and the steady-
state model of UPFC. Cai et al. [14] described the use of two UPFC projects in the electricity system: one is
operating at 220 kV, while the other is building a 500 kV UPFC project. The viability and necessity of using
UPFC were examined. Bhasin et al. [15] presented the performances of UPFC based controller for a single
machine infinite bus power system. Lee et al. [16] suggested a novel topology by implementing a three-phase
UPFC system using three single-phase transformers, as opposed to the two three-phase transformers used in the
traditional UPFC topology, also known as series and parallel transformers. Siddula et al. [17] implemented
fuzzy based UPFC to reduce PQI such as voltage sag, swell in the transmission lines. Hassan and Tuaimah [18]
simulated the state model of UPFC using the 30-bus system of IEEE and utilized the Newton Raphson
numerical analysis method to resolve system's load flow. An ideal approach for calculating the UPFC capacity
is described by Shen et al. [19]. Nilsson et al. [20] presented the applications of UPFC and its variants.

Singh and Senroy [21] introduced a system for static synchronous compensator (STATCOM) and
UPFC based on the holomorphic embedding technique, which is quick and adaptable. By using data mining
and machine learning approaches, Angadi ef al. [22] described how to estimate the system's severity under
various load and situations both with and without a unified power flow controller. Through the use of line
outage distribution factor, a suitable location for UPFC is determined by Vasudha er al. [23]. Harmonics
generated with the operation of an induction furnace under fluctuating load have been reduced using
distributed static synchronous compensator (DSTATCOM) and UPQC by Saggu et al. [24], [25]. Grid
connection of sustainable energy sources presents PQI in the power system. D-STATCOM has been used to
improve power quality in a grid connected wind energy system by Hussain et al. [26]. Malik and Sharma [27]
implemented the three levels inverters to improve the PQI in hybrid photovoltaic-wind system. The
enhancement of PQI in grid connected solar power system using UPQC has been implemented by
Poongothai and Srinath [28]. Further, Sree and Ankarao [29] implemented an adaptive neuro-fuzzy inference
system based controller to mitigate PQI in grid connected wind and solar system. Mishra ef al. [30] proposed
the grid-integrated photovoltaic system along-with lymphoblastoid cell lines filter for mitigating PQI.
Chapala et al. [31] alleviated the PQI in solar-photovoltaic and battery integrated UPQC system integrated
with grid. Further, PQI in grid-integrated photovoltaic system has been reduced by using series filter is
developed by Hadi et al. [32]. Srilakshmi ef al. [33] implemented the dynamic voltage restorer in power
system with non-linear loads to improve power quality issues due to non-linear nature of loads.

Harmonics in the power system are one of the main issues with its operation. The energy supply
may be interrupted if the harmonics can increase and reduce transmission line capacity. Consequently,
D-FACTS devices are used to lower these harmonics. The main contribution of this paper is to address
harmonic distortions in distributed generation system considering non-linear load. In this paper, the
distributed generation system is considered by undertaking photovoltaic, wind power generation and power
of the battery system, named as hybrid PV/wind/battery system. Simulink models of the proposed system
with and without DVR, UPFC and UPQC are implemented. The comparison of performances of DVR,
UPFC, and UPQC in proposed system is the novelty of this paper.

2. METHODOLOGY
2.1. Basic architectures and workings of DVR, UPFC, and UPQC

Dynamic voltage restorer is composed of step-up transformer, an AC filter, a pulse width
modulation converter, and DC capacitor in the D-FACTS series. The system often employs DVR for voltage
adjustment in the event of a voltage decrease. The phase-angle and the size of voltage drop affect active and
reactive power. The load voltage causes a current spike when renewable energy sources are integrated to the
grid. The DVR provides series voltage to the point of common coupling (PCC) to make up for the voltage
loss. The voltage dips that happen during the integration of the solar panel with high active energy are taken
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into account by the phase correction [34]. Figure 1 displays the DVR's block diagram. The UPFC integrates a
series compensator-static series synchronous compensator (SSSC) with a shunt compensator-STATCOM.
These two compensators are connected via a DC connection element. On the other hand, UPQC integrates a
series compensator DVR with a shunt compensator DSTATCOM via a common DC connection element
[35]. Figure 2 shows the generalized block diagram of UPFC and UPQC.

There are two fully regulated inverters that make up the UPFC. A series inverter is linked to the
transmission line by a series-transformer and a parallel inverter is coupled to the transmission line by a
parallel-transformer. By altering the magnitude of added voltage and phase angle, which are generated by the
series inverter, the real and reactive power of the transmission line can be managed [36]. The fundamental
purpose of the parallel inverter is to provide the required power by the series inverter across the shared
DC-link. Additionally, the parallel inverter also controls the reactive power by producing or absorbing it [37].
The working of UPQC is also similar to UPFC. Shunt inverter introduces the reactive current to improve the
power factor, add harmonic current to improve the harmonics in the load current and inject negative and
zero-sequence components to neutralize supply currents. It has the ability to regulate the DC-link voltage also
[38]. Voltage compensation in the source is done by series inverter [39]. It also adds the required real power
components to regulate the magnitude of load voltage and isolates the load bus from source voltage
harmonics by injecting harmonic voltage [40].
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Figure 2. Generalized block diagram of UPFC and UPQC

2.2. Simulink models of the proposed system

The Simulink model of proposed PV/wind/battery system without any D-FACTS device is shown in
Figure 3. To compare the performances of DVR, UPFC and UPQC in reducing total harmonic distortion
(THD), four scenarios are simulated: i) hybrid PV/wind/battery system without any D-FACTS device,
ii) hybrid PV/wind/battery system with DVR, iii) hybrid PV/wind/battery system with UPFC, and iv) hybrid
PV/wind/battery system with UPQC. The MATLAB Simulink models of the non-linear load connected
hybrid PV/wind/battery system without any compensation device and with compensation devices-DVR,
UPFC and UPQC are shown in Figures 3, 4, 5 and 6, respectively. Simulation parameters used for the
proposed system are given in Table 1 [41].
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Figure 3. Simulink model of PV/wind/battery system without any compensation device
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Figure 4. Simulink model of PV/wind/battery system with DVR
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Figure 6. Simulink model of PV/wind/battery system with UPQC

Table 1. Simulation characteristics

Sr. No. System Characteristics Values
l. Wind turbine Base torque (Nm) 8000
Nominal mechanical output power (kW) 75
The base power of the electrical generator (kW/pf) ~ 75/0.9
Base speed of wind (m/s) 10
2. Photovoltaic Irradiance 950
Real power generated (kW) 30
3. Connected grid System phase voltage (V) 440
System frequency (Hz) 50
4. Non-linear load Nominal system voltage (V) 440

3.  RESULTS AND DISCUSSION

Before the integration of any compensation device in the hybrid PV/wind/battery system, the
intimal values of THD measurements were obtained. The harmonics were produced into the system,
because of the non-linear characteristics wind and solar energy sources. Figure 7 depicts the load voltage
and current waveforms and their respective THDs of the proposed system without any compensation.
Figure 8 shows the voltage and current waveforms with their respective THDs of the proposed system with
DVR. THD levels were re-measured under the same operating conditions following the integration of the
UPFC and UPQC into the system. Figure 9 and Figure 10 represent the load voltage and current waveforms
along with their THD measurements of the proposed system with the implementation of UPFC and UPQC,
respectively.

The outcomes of all the four scenarios showing comparative performances of DVR, UPFC and UPQC
are summarized in Table 2. The comparison of results depicts that THD in voltage decreases from 51% to
44.67%, 20.94%, and 16% after implementation of DVR, UPFC, and UPQC respectively in the grid-integrated
PV/wind/battery system. Further, THD in current decreases from 58% to 44%, 29.26%, and 22% after
implementation of DVR, UPFC, and UPQC respectively in the grid-integrated PV/wind/battery system. The
achieved results are also compared with the already published work [41] for the validation purpose.
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Table 2. Comparative analysis of D-FACTS devices in PV/wind/battery system

D- FACTS device THD - Voltage (%) THD - Current (%)
Without any compensation 51 58
DVR 44.67 44
UPFC 20.94 29.26
UPQC 16 22

4. CONCLUSION

In non-linear integrated PV/Wind/Battery system, the performances of DVR, UPFC and UPQC have
been implemented and compared. In this paper, the design, simulation, and comparison of performances of
DVR, UPFC, and UPQC in mitigating PQI in terms of THD has been discussed. It is obvious from the
obtained results that the THD in voltage decreases from 51% to 44.67%, 20.94%, and 16% after
implementation of DVR, UPFC, and UPQC respectively in the grid connected PV/wind/battery system.
Further, THD in current decreases from 58% to 44%, 29.26%, and 22% after implementation of DVR,
UPFC, and UPQC respectively in the grid connected PV/wind/battery system. Comparison of results
validates the superior performance of UPQC over DVR and UPFC in terms of mitigation of THD. The
achieved results are compared with the already published work for the validation purposes. Further the
research can be performed on implementation of UPFC or UPQC with hybridized optimization techniques in
solar/wind/battery/fuel cells or any other suitable combination of renewable energy systems.
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