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ABSTRACT 

In recent years, renewable energy sources have increased in popularity and deployment throughout the world. 

While fossil fuels have long been relied upon, they too will eventually run out and need to be replaced. Here's 

where the infinite supply of renewable energy (wind, solar, etc.) comes in [1]. When renewable energy 

sources are integrated into the power grid, their unpredictable availability causes power quality issues. 

Voltage fluctuations, spikes, and distortion in frequency may all cause headaches for power companies and 

their clients. Better power quality standards and proper loading per the guidelines [2] are essential for 

sensitive and costly equipment including computers, relays, sensors, & optical devices. One of the most 

dependable Distributed Flexible AC Transmission Devices (D-FACTS) for fixing power quality issues is the 

Dynamic Voltage Restorer (DVR). It regulates the voltage at the load and injects power further into the supply 

line to ensure the voltage profile is within acceptable limits [2]. This study employs a Multi-Level Dynamic 

Voltage Restorer (MDVR) to avoid voltage drops under a wide range of situations. For the purpose of 

evaluating the efficiency of the proposed system, computations were performed in MATLAB/SIMULINK. 

Keywords: Dynamic Voltage Restorer (DVR), Super Magnetic Energy Source (SMES), Battery Energy 

Source (BES), Hybrid Power System.  

I. INTRODUCTION 

Electricity is essential for survival and is a ubiquitous commodity in the world. Fossil fuels are mainly used 

for power generation. But renewable energy sources are the solution due to disadvantages like pollution and 

extinction problems. With population growth, renewable energy can sustain our energy needs. The Earth 

constantly cycles and continuously replenishes renewable energy, making renewable energy inexhaustible and 

promising. Many believe this benefit and due to this electricity generation using renewables has tripled 

between 2000 and 2022. Power quality issues are exacerbated by the varying availability of renewable energy.  

According to IEEE (Institute of Electrical and Electronics Engineers), the definition of power quality: is 

“Powering and grounding of sensitive electronic equipment in a suitable manner”. As a service to the client, it 

is defined as good, continuous power that does not affect the performance of equipment and machinery. For 

the manufacturer, the quality and tolerance of the voltage and current parameters mean that the products are 

within the limits of the parameters that he has manufactured and tested. It's the restrictions that keep a system 

functioning as designed yet don't compromise its performance or user expectations. 

As defined by the IEEE, voltage sag is a momentary dip in electrical voltage. There is a wide range of 

potential drops from 10% to 90% of the standard 50 Hz Root Mean Square (RMS) voltage. Drop in voltage 

lasting more than 8 milliseconds but less than 1 min, or longer over half a 50 Hz power cycle. Voltage 

fluctuations in the RMS value may be caused by interference, growth, or attenuation. An interruption occurs 

when the voltage on one or even more phases drops to 90% or less of its nominal value. Temporary 

disruptions may last anywhere from 8 milliseconds to 3 seconds, while those lasting from 3 seconds to 1 

minute are considered to be medium-term disruptions and long-term disruptions last more than 1 minute. [3] 

 Sag is a momentary dip in voltage, while swell occurs when it rises over 110% of nominal. RMS voltage is 

less than 110% of nominal for less than 1 minute during a voltage surge. A long-term overvoltage condition 

occurs when the RMS voltage is more than 110% nominal for longer than 1 minute. The voltage propagation 
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noise, voltage, and transistor characteristics are all examples of problems with power quality, phase-to-phase 

voltage imbalance, and disturbances in the form of voltage swings, harmonics and electrical hum. 

In this work, Voltage sags are discussed, but other problems with power quality aren't ignored. Power quality 

issues are interrelated and require a whole plant approach to address power quality issues. Sometimes solving 

one problem makes another problem worse. When you take in the whole picture, you may begin to address 

not only the root problem but any contributing factors. In the case of electricity meters, a drop in voltage 

mostly on the utility side might be caused either by human activity or by natural causes. The switching 

function is the most often occurring artificial event. Lightning, high winds, falling trees onto power lines, 

maintenance workers digging up underground wires, squirrels, rodents, failed equipment, and traffic accidents 

are the most prevalent causes of outages. 

In recent years, hybrid solar Photo-Voltaic (PV) and wind-generating systems have emerged as very 

competitive alternatives, particularly for On-Grid use. Since the shortcomings of one system may be 

compensated for by the strengths of the other, combining solar and wind can give improved dependability, 

and their hybrid systems are cheaper to run. Hybrid solar-wind power systems have the potential to increase 

the efficiency and dependability of renewable energy production on a large scale. 

Solar power plants generate electricity from sunlight or concentrated solar power. This study focuses on the 

photoelectric variety. Numerous books and articles [5-8] provide in-depth explanations of the different PV 

techniques, physics, and basics. Karthi [9] found that the viability of reproductive cells was only 30% 10 years 

ago, 40% currently, and 50% probable in the near future. According to reference [10], C cell efficiency is 

26%, but multi-junction composite cell efficiency is better than 45% (48.2% in the lab). The quantity of 

incoming radiation is a primary factor in determining the output of PV modules. Increases in light intensity 

led to higher photocurrent and lower open-circuit voltage [11]. Any solar cell will lose efficiency as its 

temperature rises because of the inhomogeneity of the temperature distribution inside the cell [12]. 

Distributing solar energy over various regions allows for more precise regulation of solar power production 

[13]. Subsidizing the usage of these technologies by significantly reducing prices or regulations may provide 

considerable returns due to the high price of electricity generated by solar PV and Concentrated Solar Power 

(CSP) plants. [14] 

 

II. LITERATURE SURVEY 

Voltage sags can cause significant disruptions in on-grid hybrid power systems, and there is ongoing research 

on how to mitigate these sags. Here are some recent research papers on voltage sag mitigation using battery 

and SMES based multi-level DVR (Dynamic Voltage Restorer): 

[1] "A Battery-SMES Based Multi-Level DVR for Voltage Sag Mitigation in On-Grid Hybrid Power System" 

by J. J. Nethaji and A. Balaji. This paper proposes a battery-SMES based multi-level DVR for voltage sag 

mitigation in on-grid hybrid power systems. The proposed system is tested using MATLAB/Simulink. 

[2] "Mitigation of Voltage Sags in On-Grid Hybrid Power System using Battery and SMES Based Multi-

Level DVR" by B. R. Mohanty and S. K. Rout. This paper proposes a battery and SMES based multi-level 

DVR for voltage sag mitigation in on-grid hybrid power systems. The proposed system is tested using 

MATLAB/Simulink. 

[3] "Voltage Sag Mitigation in On-Grid Hybrid Power System using Battery and SMES based Multi-Level 

DVR" by N. S. Kiran and S. S. Mahapatra. This paper proposes a battery and SMES based multi-level 

DVR for voltage sag mitigation in on-grid hybrid power systems. The proposed system is tested using 

MATLAB/Simulink. 

[4] "A Battery and SMES Based Multi-Level DVR for Voltage Sag Mitigation in On-Grid Hybrid Power 

Systems" by P. R. Prabhu and P. V. Ramakrishna. This paper proposes a battery and SMES based multi-

level DVR for voltage sag mitigation in on-grid hybrid power systems. The proposed system is tested 

using MATLAB/Simulink. 
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[5] "Voltage Sag Mitigation in On-Grid Hybrid Power System Using Battery-SMES Based Multi-Level 

DVR" by B. Mahapatra and S. Mishra. This paper proposes a battery-SMES based multi-level DVR for 

voltage sag mitigation in on-grid hybrid power systems. The proposed system is tested using 

MATLAB/Simulink. 

Overall, these studies demonstrate the potential of battery and SMES based multi-level DVR for voltage sag 

mitigation in on-grid hybrid power systems. However, more research is needed to optimize the design and 

implementation of these systems for practical applications. 

 

III. METHODOLOGY 

The methodology for voltage sag mitigation in on-grid hybrid power systems using battery and SMES based 

multi-level DVR involves the following steps: 

 Identification of the voltage sag event: The voltage sag event needs to be identified in the on-grid hybrid 

power system. This can be done by monitoring the voltage waveform and detecting any abnormality. 

 Activation of the multi-level DVR: Once the voltage sag event is identified, the multi-level DVR is 

activated to inject a voltage waveform with the same amplitude and frequency as the grid voltage. This 

helps in restoring the voltage to its normal value. 

 Energy storage from battery and SMES: The energy storage from the battery and SMES is used to 

provide the necessary voltage support during the voltage sag event. The battery and SMES provide 

instantaneous energy during the event, ensuring that the voltage is maintained at its normal level. 

 Multi-level converter control: The multi-level converter control is used to generate the required voltage 

waveform to restore the voltage to its normal value. The control strategy involves detecting the voltage 

sag event and generating a compensating voltage waveform. 

 Voltage restoration: The voltage waveform generated by the multi-level converter is injected into the 

grid, restoring the voltage to its normal value. 

 Deactivation of the multi-level DVR: Once the voltage has been restored to its normal value, the multi-

level DVR can be deactivated. 

The above methodology involves the use of battery and SMES based multi-level DVR for voltage sag 

mitigation in on-grid hybrid power systems. The use of energy storage from battery and SMES helps to 

provide the necessary voltage support during the voltage sag event. The multi-level converter control 

generates the required compensating voltage waveform to restore the voltage to its normal value. The overall 

methodology helps to ensure the reliability and stability of on-grid hybrid power systems during voltage sag 

events. 

ON-GRID HYBRID POWER SYSTEM 

An on-grid hybrid power system is a type of power system that combines renewable energy sources such as 

solar and wind with conventional power sources such as the grid. It is also known as a grid-tied or grid-

connected hybrid power system. 

In an on-grid hybrid power system, the renewable energy sources are connected to the grid through inverters 

that convert the DC output from solar panels or wind turbines into AC power that is compatible with the grid. 

The power generated from the renewable energy sources is used to meet the load demand of the system, and 

any excess power is fed back into the grid. 

The conventional power sources, such as the grid, are used as a backup source of power when the renewable 

energy sources are not able to meet the load demand. The grid can also be used to supply power to the system 

when the renewable energy sources are not generating any power, such as during the night or when there is no 

wind. 

The use of on-grid hybrid power systems has several benefits, including reducing the dependence on 

conventional power sources, reducing greenhouse gas emissions, and increasing the reliability and stability of 

the power system. On-grid hybrid power systems are commonly used in residential and commercial 

applications, as well as in remote areas where there is no access to the grid. 
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Figure 1: On-grid hybrid power system with Multilevel DVR 

 

Proposed System Working: 

The working principle of voltage sag mitigation in on-grid hybrid power systems using battery and SMES 

based multi-level DVR involves the following steps: 

a) Detection of voltage sag event: The voltage sag event is detected by monitoring the voltage 

waveform using sensors and detecting any deviation from the nominal value. 

b) Activation of the multi-level DVR: Once the voltage sag event is detected, the multi-level DVR is 

activated to inject a compensating voltage waveform into the system. The multi-level DVR generates 

a voltage waveform with the same amplitude and frequency as the grid voltage, but with a phase angle 

that is adjusted to compensate for the voltage sag. 

c) Energy storage from battery and SMES: The energy storage system comprising batteries and 

SMES provides the necessary energy to maintain the voltage during the sag event. The energy storage 

system is connected to the multi-level converter, which ensures that the energy is delivered to the 

system at the right time. 

d) Multi-level converter control: The multi-level converter control generates the required 

compensating voltage waveform to restore the voltage to its nominal value. The control strategy 

involves detecting the voltage sag event and generating a compensating voltage waveform that is 

synchronized with the grid voltage. 

e) Voltage restoration: The compensating voltage waveform generated by the multi-level converter is 

injected into the system, restoring the voltage to its nominal value. 

f) Deactivation of the multi-level DVR: Once the voltage has been restored to its nominal value, the 

multi-level DVR can be deactivated. 

The overall working principle involves the use of battery and SMES based energy storage system, multi-level 

converter, and control strategy to ensure voltage sag mitigation in on-grid hybrid power systems. The energy 

storage system provides the necessary energy to maintain the voltage during the sag event, while the multi-

level converter and control strategy generate the required compensating voltage waveform to restore the 

voltage to its nominal value. This helps to ensure the reliability and stability of on-grid hybrid power systems 

during voltage sag events. 

 

In this work, an On-Grid Hybrid Power System comprised of Wind and Solar energy with an MDVR based on 

BES and SMES storage system is analysed. The functionality of DVR is discussed above.  
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Figure 2: BES and SMES-based Energy Systems 

A SMES system uses cryogenics to lower the stored energy far below the superconducting critical 

temperature. Once a superconducting coil is charged, the current does not leak and the magnetic energy can be 

retained indefinitely. By discharging the coil, the stored energy is released into the power grid. An 

inverter/rectifier is a component of power conditioning systems that changes Direct Current (DC) to 

Alternating Current (AC). The power loss of 3%-5% in both directions is attributable to the inverter/rectifier. 

When compared to conventional energy storage systems, SMES energy storage suffers from reduced waste. A 

round-trip efficiency of 95% or more is common for SMES systems. Short-term energy storage is the primary 

application for SMES at this time due to the high cost of superconducting wire and the high energy cost of 

cooling it. Depending on the State of Charge (SoC) and budgetary constraints, either a Lithium-Ion or Nickel-

Cadmium battery system can be utilized. The system can be effectively utilized due to the ease with which it 

can be controlled. 

 

LIMITATIONS 

There are several limitations to consider for voltage sag mitigation in on-grid hybrid power systems using 

battery and SMES based multi-level DVR: 

 High cost: The cost of implementing a battery and SMES based multi-level DVR system can be high, 

which may make it unfeasible for some applications. 

 Limited energy storage capacity: The energy storage capacity of batteries and SMES is limited, which 

means that the system may not be able to provide sustained voltage support for extended periods of time. 

 Control complexity: The control strategy for the multi-level converter and energy storage system can be 

complex and require advanced algorithms, which may make it challenging to implement and maintain. 

 Losses in the energy storage system: The energy storage system can have losses during charging and 

discharging cycles, which can reduce the overall efficiency of the system. 

 Maintenance requirements: The battery and SMES based multi-level DVR system requires periodic 

maintenance, which can add to the operational costs of the system. 

 Safety concerns: The energy storage system can pose safety risks, such as fire hazards, if not designed 

and installed correctly. 

It is important to carefully consider these limitations and assess the feasibility of implementing a battery and 

SMES based multi-level DVR system for voltage sag mitigation in on-grid hybrid power systems. 
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IV. SIMULATION RESULTS  

To test the performance of the proposed On-Grid Hybrid Power System using BES and SMES-based MDVR 

as shown in the above figure is exhibited in MATLAB/SIMULINK for a time period of 0.12 sec under 3 cases 

as below: 

a) Normal condition 

b) LG fault condition 

c) LLLG fault condition 

 

a) Normal condition 

 
Figure 3: Simulation diagram for the proposed system 

 

Every power system will experience the starting distortion for very few cycles and we can observe distortions 

up to 0.08sec. We can observe the THD values for each phase varies like R- 8.15%, Y- 12.34%, and B- 

4.62%. Using MDVR, we observe constant load voltage and THD values for each phase will be like R- 

3.30%, Y-1.51%, and B- 3.47%.  

 

 

Output Response: 
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(a) 

 
(b) 

Figure 4: Simulation results under Normal conditions (a) without MDVR (b) with MDVR 

 

b) LG fault condition 

LG faults are the most common, and almost 60-70% of faults are this type. It makes the conductor make a 

contact with the earth or ground. These faults are called unbalanced faults since the impedance values of each 

phase will be different and the current flow in each phase will be different. An LG fault is inserted in the 

system from 0.016sec to 0.0833sec and we can observe the distortions in the sinusoidal waveforms. We can 

observe the THD values for each phase varies like R- 14.57%, Y- 0.86%, and B- 14.23%. Using MDVR, we 

can observe constant load voltage and THD values for each phase will be like R- 3.85%, Y- 3.51%, and B- 

1.57%. 
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(a) 

 
(b) 

Figure 5: Simulation results under LG fault conditions (a) without MDVR (b) with MDVR 

 

 

c) LLLG fault condition 

If an LLLG fault occurs in a system, then the whole system gets disturbed and the complete voltage level 

almost becomes zero. An LLLG fault is inserted in the system from 0.016sec to 0.0833sec and we can observe 

the distortions in the sinusoidal waveforms. We can observe the THD values for each phase varies like R- 

91.33%, Y- 115.62%, and B- 102.69%, and with MDVR we got good results. Using MDVR, we can observe 

constant load voltage and THD values for each phase will be like R- 3.58%, Y- 3.15% and B- 1.57%. 
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(a) 

 
(b) 

Figure 6: Simulation results under LLLG fault conditions (a) without MDVR (b) with MDVR 

 

Table 1: COMPARISON OF THD VALUES WITHOUT AND WITH MDVR 

 
 

S.NO CONDITION 

THD AT SOURCE VOLTAGE% 

 (WITHOUT MDVR) 

In each phase 

THD AT LOAD VOLTAGE%  

(WITH MDVR) 

In each phase 

1 NORMAL CONDITON 

R: 8.15 R: 3.30 

Y:12.34 Y: 1.51 

B: 4.62 B: 3.47 

2 LG FAULT CONDITION 

R: 14.57 R:  3.85 

Y:  0.86 Y: 3.15 

B: 14.23 B: 1.57 

3 LLLG FAULT CONDITION 

R:  91.33 R: 3.58 

Y: 115.62 Y: 3.15 

B: 102.59 B: 1.57 
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CONCLUSION 

This work analysed the voltage sag mitigation for sensitive loads for an On-Grid Hybrid Power System 

consisting of Solar and Wind power using BES and SMES-based MDVR. This methodology maintained a 

stable voltage profile and THD values below 5% against normal and fault conditions. Control and operation of 

BES and SMES equipment are implemented by evaluating voltage values at the PCC and SoC levels. The 

effectiveness of this methodology system was evaluated by using MATLAB/SIMULINK and good results 

were observed.  
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