
 

 

CALIFORNIA STATE UNIVERSITY, NORTHRIDGE 
 
 
 
 
 
 
 
 
 
 

IMPACT OF RENEWABLE SOURCE GENERATION WITH ENERGY STORAGE ON STABILITY 
AND VOLTAGE REGULATION 

 
 
 
 
 

A graduate project submitted in partial fulfillment of the requirements  
For the degree of Masters of Science in  

Electrical Engineering 
 
 
 

By 
 
 

Gurveen Kaur 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

May 2014 



 

 

ii 

 

The graduate project of Gurveen Kaur is approved: 

 

 

 

 

Dr. Ali Amini                                                                                                                 Date 

 

 

 

 

 

Dr. Xiyi Hang                         Date 

 

 

 

 

 
Dr. Bruno Osorno, Chair            Date  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

California State University, Northridge 



 

 

iii 

 

Acknowledgement 
 
 

I would like to express my gratitude and extend my thanks to Dr. Bruno Osorno for giving me an 
opportunity to extend my learning to new field of Renewable Energy Source Generation & Energy Storage 
System. I am highly indebted for his guidance, supervision, and help in providing all the necessary 
information and support during this study.  
 
I express my appreciation to Dr. Ali Amini and Dr. Xiyi Hang for their encouragement and valuable 
feedback for making this study successful. 
 
I express my sincere thanks to my family for their moral support and consistent motivation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

iv 

 

TABLE OF CONTENTS 

 

Signature Page…………….………………………………………………………………………………….ii 

Acknowledgment…………………………………………………………………………………….………iii 

List of Figures……………………………………………………………………………………….………..v 

Abstract……………………………………………………………………………………………………...vii 

1. Distributed Generation 
1.1 Introduction…………………………………………………………………………………………1 
1.2 Facts and Figures for Renewable Generation in USA……………………………………………...1 
1.3 Energy Storage Systems…………………………………………………………………………….3 
1.4 Reason for using Energy Storage System with Renewable Source Generation……………………5 
1.5 Application of Energy Storage System……………………………………………………………..8 

 
2. Photovoltaic System 

2.1 Introduction to Photovoltaic System………………………………………………………………10 
2.2 Intermittency Problem of Photovoltaic Generation……………………………………………….11 
2.3 Grid Connected Photovoltaic System……………………………………………………………..12 

 
3. Arrangement of Residential PV Generation with Battery Energy Storage & Utility Grid 

3.1 Introduction………………………………………………………………………………………..13 
3.2 Importance of Residential Energy Storage & Integration with Utility Grid………………………13 
3.3 Concept of Residential PV with Energy Storage & its integration with Grid……………………..14 

 
4. Impact of Photovoltaic Generation on Power Grid 

4.1 Impact of photovoltaic generation on Voltage Regulation…………………………………………17 
4.2 Impact of photovoltaic generation on Stability…………………………………………………….18 

 
5. Simulation Design 

5.1 Mathematical modeling of PV module in Simulink………………………………………………..19 
5.2 System Configuration & Design of Maximum Power Point technique……………………………20 
5.3 Battery Energy Storage with Buck-Boost Converter………………………………………………22 
5.4 Inverter design for Grid connected PV System………………………………….............................23 
5.5 Utility Grid Model………………………………………………………………………………….24 
 

6. Simulation Results………………………………………………………………………………………..25 

7. Conclusion………………………………………………………………………………………………..33 

References…………………………………………………………………………………………………...34 

 

 

 

 

 

 



 

 

v 

 

LIST OF FIGURES 
 
1.1 Renewable Energy figures……………………………………………………………………………...1 

 
1.2 Figures for Grid connected Solar  Capacity……..…….………..……………………………………...1 
 
1.3 Solar Map for USA……………………………………………………………………………………..3 
 
1.4 Types of application for Energy Storage Systems……………………………………………………...4 

 

1.5 Time Scale based Energy Storage Systems…………………………………………………………….4 
 
1.6 Utility Scale Usage of Energy Storage Systems with Grid…………………………………………….5 
 
1.7 Power Stabilization using Renewable Energy Sources………………………………………………...5 
 
1.8 Types of Energy Storage Systems (ESS)……………………………………………………………….6 
 
1.9 Applications in Power Systems………………………………………………………………………...8 
 
2.1 Solar Irradiation Curve for Sunny Day………………………………………………………………….11 
 
2.2 Solar Irradiance Plot on Cloudy Day……………………………………………………………………11 
 
2.3 Overview of Grid Connected PV System……………………………………………………………….12 
 
3.1 Smart Grid Operation with Energy Storage……………………………………………………………..14 
 
3.2 PV/BESS Overall System Configuration……………………………………………………………….15 
 
4.1 Voltage Profile for different levels of PV generation…………………………………………………...17 
 
5.1 Simulink model to study Current-Voltage & Power-Voltage characteristics of PV module…………...19 
 
5.2 Parameter Dialog Box for PV Module………………………………………………………………….19 
 
5.3 Algorithm for Maximum Power Point (MPPT)…...................................................................................20 
 
5.4 Simulink model of PV boost DC-DC converter with MPPT algorithm………………………………...22 
 
5.5 Battery Energy Storage with Buck-Boost Converter Topology………………………………………...23 
 
5.6 Scope output for Battery with Buck-Boost Converter…………………………………………………..23 
 
5.7 Simulink Block & Parameter Dialog Box for Three Level Bridge Inverter ……………………………24 
 
5.8 Utility Grid with AC Source, 120kV Transmission & 25kV Distribution……………………………...24 
 
6.1: Current-Voltage & Power-Voltage characteristics of PV module……………………………………..25 
 
6.2: Simulink model displaying values for PV operating at MPP…………………………………………..26 
 
6.3: Output of PV array with MPPT………………………………………………………………………...26 
 
6.4: Scope output for LC Filter and Three-level bridge Inverter……………………………………………27 
 



 

 

vi 

 

6.5: Simulink model for Grid connected PV system with Battery Storage........……………………………28 
 
6.6: Scope output at different points (Without DSTATCOM)……………………………………………...29 
 
6.7: Scope output at Point of common coupling (PCC)…………………………………………………….30 
 
6.8: Different Scopes output after DSTATCOM operation………………………….……………………...31 
 
6.9: DSTATCOM Output…………………………………………………………………………..……….32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

vii 

 

ABSTRACT 
 
 

IMPACT OF RENEWABLE SOURCE GENERATION WITH ENERGY STORAGE ON STABILITY 
AND VOLTAGE REGULATION 

 
 

By 
 

Gurveen Kaur 
 

Master of Science in Electrical Engineering 
 

Distributed Generation (DG) is an electric power production that is capable of generating electricity from 
small energy sources. Renewable Energy Source generation refers to power generation from renewable 
sources like solar, tidal, geothermal, biomass, etc. From the past few years, distributed generation from 
renewable energy source in the United States has experienced tremendous increase owing to the targets set 
up by the state which accounts for DG penetration into Grid. High penetration of photovoltaic into the 
existing distribution networks might result in voltage increase in case renewable source generation crosses 
the demand on the consumer side. To deal with this challenge, use of energy storage systems is done and 
integrated with the renewable source generation. The excess energy generated from photovoltaic charges, 
the storage system during the day-time and the same stored energy helps in reducing the evening peak load. 
The energy storage system helps in reducing the intermittent issue of renewable energy source generation. 
This integration of Energy Storage system with Renewable energy source generation will impact the 
working of electric distribution grid. Parameters like Voltage control, power quality; the protection system, 
intensity and level of faults in the system and losses associated with the grid are few quantities in the 
distribution systems that get affected with above-mentioned integration.  

In my topic of study, the Photovoltaic system with battery storage is integrated with the utility grid using 
MATLAB/Simulink Model. The model is use to study the impact of penetration of renewable source 
generation with storage on stability and voltage regulation. 
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1. INTRODUCTION 

1.1 Introduction to the Distributed Generation 

Distributed Generation (DG) is the renewable energy generation installed in the present distribution 
networks all around the world. From the past few years, distributed generation from renewable energy 
sources in the United States has experienced tremendous increase owing to the targets set up by the state 
which accounts for DG penetration into Grid. From the present available renewable energy sources, the 
most commonly used for Distributed Generation are Wind, Solar and Biomass [1]. The basic nature of 
generation from renewable sources is intermittent as the generation depends on the renewable source’s 
availability. This limitation is overcome by the use of Energy storage devices like Batteries, flywheels, 
hybrid systems, ultra capacitors, etc. These devices help in smoothing the variation in the output of 
Distributed Generation. Energy Storage devices reduce the fluctuation in the variations in DG’s power 
output and thus, minimizes the power exchange from the grid. High penetration of the Distributed 
generation in the existing distribution networks might result in voltage increase when the renewable source 
generation crosses the demand on the consumer side. Energy storage devices overcome this limitation. The 
excess energy generated from photovoltaic charges the storage systems during the day-time and the same 
stored energy helps in reducing the evening peak load. High penetration of rooftop solar photovoltaic into 
distribution network might result in the voltage rise and stability problems.        

Integration of an Energy Storage system with Renewable energy source generation impacts the working of 
electric distribution grid. Parameter that gets affected by the integration includes voltage control, power 
quality, protection system, intensity and level of faults in the system and grid losses. 

1.2 Facts And Figures for Renewable Generation in USA 

U.S. Electricity from Renewable Energy Sources -  

According to projections made by Energy Information Administration (EIA), “there will be an increase in 
the use of Renewable sources for electricity by 0.7% in 2014”. [2] 

For the year 2015, consumption of renewables for electric power is projected to increase by 5.8% from the 
year 2014 [2]. 

Facts about Wind Energy usage - EIA estimates provides the figures that wind capacity will increase by 
8.7% in 2014 amounting for 66 gigawatts (GW) by the end of the present year and will increase 15.1% to 
total more than 75 GW at the end of 2015. Projections believe that electricity generation from wind will 
increase by 11.8% in 2015, contributing 4.6% of total electricity generation in 2015. 

Facts about Solar Generation - Solar growth and generation concentrate more on customer side distributed 
generation installations. Figures suggest that the utility-scale solar capacity grew by 96% in 2013. EIA now 
projects that utility-scale solar capacity will increase by about 47% between year-end 2013 and year-end 
2015.  

“Figure 1.1 below gives the U.S. renewable energy supply for the years mentioned and Figure 1.2 gives the 
data for total grid connected photovoltaic solar capacity [3].” 
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Source: EIA  

Figure 1.1: Renewable Energy figures [3] 

 

Figure 1.2: Figures for Grid connected solar capacity [4] 

A solar map provides information about the monthly average and annual average daily total solar 
information.  
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According to “California Solar Statistics (official public reporting site of the California Solar Initiative 
CSI) [6], California is the leading nation in United States for the usage of solar power. California has the 
maximum number of homes with solar panels installed [7].”  

Given below is the Solar Map for the entire USA provided by NREL [5]. 
 

 

Figure 1.3: Solar Map for USA (SOURCE: NREL) [5] 

According to the latest data update, CALIFORNIA leads the nation in having solar plants with the 
following numbers given by Edison, as on March, 31, 2014 [6]. 

No of Solar Project – 203, 171 

Megawatts installed – 2,015 

Average cost/kw (<10kw) - $5.78 

Average cost/kw (>10kw) - $ 5.31 

1.3 Energy Storage Systems 

 

Energy Storage Systems (ESS) is a technology used to convert electrical energy to some form of energy 
which could be used as and when required. By this process electricity can be produced at times of less 
demand at less cost or during high demand or when no other generation means is available. Technology of 
Energy Storage helps in reducing the greenhouse gas emissions and improves the efficiency of overall 
system. Figure 1.4 below shows the different types of storage systems used today. 
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TYPES OF STORAGE 

SYSTEMS

For Distribution 

Applications

Grid Related 

Applications

“Transportation”
“Back up Power 

Applications”

Battery Energy Storage System

Flywheel

Ultracapacitors

Battery Energy Storage System

“Compressed Air Vehicles”

Flywheel

Hybrid System (Electric Vehicle)

Thermal Energy Storage

Ultracapacitor

Battery Energy Storage System

Compressed Air Energy Storage (CAES)

Flywheel Energy Storage System (FESS)

Pumped Hydroelectric

Superconducting Magnetic Energy Storage 

(SMES)

Ultracapacitor

Figure 1.4: Types of Energy Storage Systems (Application wise)  

FIGURE 1.4: Types of Applications for Energy Storage Systems [8]  

� Energy Storage Systems Based on the Time Scale [11] 
 
In order to select a particular ESS for an application, technical & economical aspect of the selected 
technology is critical 
Figure 1.5: shows and explains the Energy Storage Technologies based on Time Scale. The table shows 
different Energy Storage systems based on discharge time. For power systems where a large amount of 
power is required to be discharged quickly, electrical Batteries Energy Storage is the best option.  

 

Figure 1.5: Time Based Energy Storage Systems (ESS) [11] 
� Applications in areas of Power System  

Energy storage applications find use for both bulk power transmission grid and distribution 
systems. These days use of ESS in Distribution applications marks an important area of interest 
owing to the growing concept of micro-grids and distributed generation [8].  
 
Major areas of Power System applications are - energy management and power quality. 

� Power Quality applications comprises of frequency regulation, voltage regulation, flicker 
compensation, transients stability, spinning reserve. 
 

� Energy Management applications includes Load Leveling, Energy Arbitrage, Peak 
shaving etc. 
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1.4 Reason for using Energy Storage System with Renewable Energy Generation  

 

Figure 1.6: Utility Scale Usage of Energy Storage Systems with Grid [9] 

 

Figure 1.7: Power Stabilization Using Renewable Energy Sources [9] 

Types of energy storage systems -  
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Figure 1.8: Types of Energy Storage Systems (ESS) [11] 

Battery Energy Storage Systems (BESS) 

1. Lithium-Ion (Li-ion) 

Lithium Ion battery possesses characteristics and features that makes it useful for its operation in large 
scale ESS. Following are the characteristics that make it useful for its use in ESS 

� Specific energy and energy density are two main parameters important for the use in large- scale 
applications. Recent advances found out that use of Silicon instead of graphite offers micron-sized 
pores which can retain more lithium [12]. By doing this, the storage capacity of Li-ion batteries 
increased manifolds.. 

� Long life time [13] 
Secondly, Lithium ion is suitable for large-scale operation due to its long lifetime. Presently used 
Li-ion technology for grid-connected systems indicates a cycle life of 20 years at 60% depth of 
discharge for each day. Large costs of these batteries with long life time is better and appreciated 
as they repay the  high initial amount in comparative small time.  

� High Efficiency 
Lithium-ion cells are 94% efficient for new cells. Efficiencies of 98% have been found if the 
battery is almost fully charged.  
 
Following applicability features makes it more useful for different applications  
 

� High Efficiency of Li-ion makes it suitable for power quality applications like voltage support & 
also, helps in improving the efficiency of distribution system. 

� Also, Lithium-ion is used for supplying back-up power.  
� Due to intermittent nature of power generation by renewable energy sources like wind, solar etc., 

Lithium-ion is very useful for smoothing fluctuations.   
� Lithium-ion is use for storing energy for large-scale systems as it helps in to shifting energy 

owing to its high energy density. 
� Lastly, Lithium-ion batteries are used for large scale ESS as Li-ion batteries have sealed cells and 

require no maintenance.  Also, they find useful for interfacing the energy storage with the grid. 

2. Sodium Sulphur 
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General properties of sodium sulfur batteries: 

1. “High power 
2. High energy density 
3. High columbic efficiency 
4. Good temperature stability 
5. Long cycle life 
6. Low cost of material 
7. Triple energy densities as compared with lead acid battery. 
8. 85% DC conversion efficiency which makes them really suitable for DC distribution systems in 

future.” 

Applications of sodium sulfur batteries: 

1. “Peak shaving 
2. Renewable integration 
3. Power quality management 
4. Emergency power.” 

Challenges of batteries 
Following are few major concerns associated with batteries and their use as Battery Energy Storage 
Systems [8]:  

� Fundamental principle behind batteries lies in the electrochemical process and reactions. The 
temperature change in battery during charging and discharging should be controlled as it reduces 
the battery life.  

� Secondly, battery’s life cycle is another concerned parameter. Owing to its use in the power 
applications, a battery may have to undergo many charges and discharges multiple times a day. 
During the time depth of discharge of batteries is low, the life cycle remains unaffected. But large 
DOD can lead to degradation of battery.  

� High discharge rate can also lead to the damage of the battery and ultimately reduces the system’s 
reliability. 

1.5 Applications of Energy Storage Systems 

Energy Storage Systems have many applications in power systems. Power Quality and Energy 
Management are among two main areas of application [14], [15], [16], [17]. 
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Figure 1.9: Applications in Power Systems 

1. Frequency Regulation & Transient Stability – Due to variation in load demand, transient 

instability or grid angular instability occur in a slow dynamic response system. The differential 

power between the load and generators brings in the deviation in the angular speed of the 

generators which in turn affects and changes the angular frequency i.e. grid frequencies. Energy 

Storage System helps in preventing this situation. Energy storage systems have the basic 

characteristics of short time response which in turn helps in mitigating and nullify the grid 

frequency deviations. 

2. Voltage Regulation – “It is regulating voltage on transmission and distribution lines with respect 

to the nominal voltage level by the means of either absorbing or generating reactive power on the 

lines. Energy Storage systems that have stored energy are capable of providing reactive power 

within seconds of control signal [15].” 

3. Flicker Compensation - Due to the varying load, voltage fluctuation occurs which varies the 

light’s intensity. Technically it is known as FLICKER. Fast response energy storage system like 

Ultra capacitors, STATCOM (Static Synchronous Compensators) has capability of mitigating the 

flickers in case of grid connected and off grid connected networks.  

4. Low Voltage Ride Through (LVRT) – At times of grid disturbances or fault conditions, LVRT 

property keeps the equipment or entire network working by disconnecting temporarily and then 

reconnecting load. In case of wind turbines, during Low voltage ride through, they need to be 

running and Energy storage systems helps in fulfilling this goal. These energy storage systems get 

charged during fault by the active power produced from the wind farm and protects the DC link 

against over voltage.  
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5. “Spinning Reserve – It is the amount of generation capacity use to produce active power over a 

given period of time and which is not committed to the energy production during this period. 

Usually, spinning reserves acts as stand by unused generation.  Energy Storage Systems provides 

with the function of spinning reserves and further helps in regulating the system frequencies.” 

6. Load Leveling –Load variation is leveled by storing the energy during peak times and releasing 

the stored energy at off-peak time periods.  

7. Peak Shaving – By the virtue of this property, Energy storage systems charge during off-peak 

period and discharge during peak periods. Thus it helps in shaving the peak load at the peak load 

time. 

8. “Renewable Power Penetration – The increasing penetration of renewable power sources is 
supported by high-capacity balancing power and energy storage system is capable of supporting 
power at an enhanced level.” 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

10 

 

2. PHOTOVOLTAIC SYSTEM 

2.1 Introduction 

“Solar Energy is one of the most economical & viable renewable energy sources found in abundance 
mostly in all parts of the world.” The complete cost analysis for setting up a photovoltaic generation system 
depicts that although the initial set up cost is high but the long run cost in terms of savings from electricity 
bills and incentives over weighs the high installation cost. Most of the research today focuses on the study 
of dynamic behavior of the grid connected Photovoltaic systems that might have adverse impacts like 
power fluctuation, harmonic distortion, stability etc. 
 
Traditional design of electric power distribution system takes in the substation as the only source of power. 
The concepts of distributed generation led to the introduction of add-on into the existing system. 
Distributed generation refers to the generation from small energy sources typically of 30MW or less near or 
at the customer sites in order to meet the specific customer needs. Distributed generation helps in providing 
a low-cost response to immediate power demand. There are many advantages of grid connected distributed 
generation sites that includes peak shaving, voltage regulation, load leveling etc. Distributed generation 
includes all the existing techniques like Fuel Cells, Micro-Turbines, and Photovoltaic Systems (PV). 
Basically the kind of interface for grid interconnection of PV systems consists of using Power Conditioning 
Systems (PCS) means using inverters, inverter control variable frequency, and variable AC or DC voltage 
sources to regulate voltage or frequency of alternating current sources. 
 
2.2 Intermittency Problem of Photovoltaic Generation 

Photovoltaic system is introduced into the distribution network such that it does not lead to degradation of 
power quality of the utility system. One of the major issues in using renewable energy sources like Solar, 
Wind etc. is their unpredictable nature.  
 
Figure 2.1 shows the typical solar irradiation pattern on a sunny day while Figure 2.2 shows the pattern on 
a cloudy day. As observed from both the figures, the major constraint is the intermittent nature of the solar 
energy. Owing to this constraint, power flow and voltage are two parameters that are greatly affected. Thus, 
it becomes important to undertake the power flow studies and dynamic analysis of distribution system with 
PV systems attached with.  
 
To regulate the voltage and power flow in the system with PV attached with the grid, energy storage 
devices like Batteries come into the systems which are usually connected in parallel with the PV 
generation.  
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Figure 2.1: Solar Irradiation Curve for sunny day [19] 

 

 
Figure 2.2: Solar Irradiance plot on cloudy day [19] 

 
2.3 Grid connected Photovoltaic System 

Dynamic study of the entire system becomes important when the PV system is connected with the utility 
grid. Inverter plays an important role in the design of Grid connected PV system, because it acts as an 
interface between the PV array and the utility grid. The main function of inverter in grid tied PV system is 
that it helps in conditioning the power output of the photovoltaic array and simultaneously provides a 
control that helps in allowing the PV generated power to enter the distribution lines.  
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Figure 2.3 shows the outline of how Grid connected photovoltaic system is configured and various 
components used.  

 

 
 

Figure 2.3: Overview of Grid Connected PV System 
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3. RESIDENTIAL PV GENERATION ARRANGEMENT WITH BATTERY STORAGE AND 

UTILITY GRID 

3.1 Introduction 

There are typically three main and important elements in a traditional electric grid: generation, transmission 
and load (consumer side). Renewable source generation can either be connected on the generation or load 
side.  

Residential Energy Storage System is done on a residential scale for a particular household. The PV 
generation with energy storage offers many benefits for the utility grid in terms of increasing its reliability 
and service quality. There are many of advantages of these residential energy storage systems that include: 
[16] 

i. Helps in providing back up power at times of need 
ii. Peak shaving of the load at time of high demand 

iii. Helps in power factor improvement 
iv. Helps in assisting Smart Grid Implementations 

 
3.2 Importance of Residential Energy Storage and Integration with Utility Grid 

A. “Improving Grid Reliability” 
(i) Helps in providing uninterruptible power supply – These residential storage systems acts like 

secondary back up that helps in providing energy from the grid or solar to the load when the 
grid is not functioning due to a fault or maintenance. One of the critical factors that need 
consideration while selecting the inverter is the time taken by the transition between on grid 
and off grid. The problem of voltage sag occurs at this point of time and needs to be avoided 
as it can affect the load connected and being served.  

(ii) Peak shaving or Load Leveling – Residential energy storage meet the peak load demands. At 
the time of peak hours when the demand increases, the energy storage systems helps in 
leveling the peak load by shifting the demand and meeting the same by discharging. Usually, 
they charge at the time of off-peak hours. 

B. Improving the grid flexibility 
This arrangement acts as an important part of Smart Grid technology these days. Figure 3.1 below 
shows the Smart Grid operation with energy storage.  
 
(i) Stabilizes the generation from renewable energy sources – due to intermittent nature of 

renewable source generation it might result in poor power quality. Connecting the renewable 
source generation directly with the grid would produce fluctuations in the grid. Thus, 
residential energy storage helps in smoothing the final output.  

(ii) From the economical point of view also, residential energy storage ultimately helps in 
reducing the grid infrastructure cost and generation cost and thereby, reducing the 
consumer’s electricity bill.  
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Figure 3.1: “Smart Grid operation with Energy Storage” [16] 

3.3 Concept of Residential PV with Energy Storage and its Integration with Grid 

This section explains the concept of integration of residential photovoltaic generation with maximum 
power point tracker (dc-dc converter), battery energy storage with dc-dc converter and integration of this 
arrangement with utility grid via dc-ac inverter.  

PV systems are generally installed on the roof tops of the residential homes. The arrangement comprises of 
two stages - dc-dc converter and inverter connected with grid as shown in figure 3.2 below. In this system 
configuration, “the main function of dc-dc converter is to track and maintain the maximum power point for 
the operation of PV array” by regulating the output voltage of PV module. Battery Energy Storage System 
(BESS) helps in providing complimentary service to compensate for intermittent power output by the PV 
array. Along with this BESS, a bidirectional dc-dc converter used helps in regulating the 
charging/discharging of the battery. The bottom part of figure 3.2 shows the operation on just a single 
standalone photovoltaic system with the utility grid.  
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Figure 3.2: “PV/BESS overall system configuration” [22] 

Theoretically, to explain the system configuration of the proposed system, four operation modes are given 
below. Few parameters or characterizations assumed are as stated below.  

PV generation – In the project study, photovoltaic generation is from roof – mounted PV array.  

“Power Leveling Demand – Typical power leveling demand of the utility is to share the peak load burden 
of the utility with stored energy and restore energy with the off-peak utility power to reshape the power 
level of the utility”.  

Typically, four operation modes are explained below. [23] 

Operation Mode 1 (Off Peak Load Period) – This is the time when the PV power is not there i.e. the time 
from midnight to day break. In this mode, the batteries along with utility supply the load. 

 

Operation Mode 2 (Low-Irradiation Period) – This is the early morning time when the photovoltaic power 
is there but not that much to charge the photovoltaic array. Thus, the utility continues to supply the load and 
charge the batteries. 
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Operation Mode 3 (High Irradiation Period) – This time starts from late morning to mid-evening when the 
solar irradiation starts increasing and reaches its peak value. This is the time period when the irradiation is 
capable of charging the PV array and produces power output from PV array. In this mode, the PV power is 
capable of charging the batteries, supplying the load power and also, feeding excess power to the utility 
grid.  

 

Operation Mode 4 (Discharging Period) – This is the time period from “late evening to midnight” when the 
“utility power is minimized”. At this time, “load power is supplied by the discharging of the batteries as 
well as PV array power.” Slowly, when the PV array discharges to zero, then the batteries are capable of 
feeding the load.  
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4. IMPACT OF PHOTOVOLTAIC GENERATION ON POWER GRIDS 

 

4.1 Effect of Photovoltaic Generation on Voltage Regulation 

 
In transmission or distribution line, reactance is an important parameter with respect to voltage drop and 
losses of the line. On the other hand, the voltage drop due to line or cable resistance is almost negligible. 
Thus, the photovoltaic system connected with the grid has considerable effect on the voltage level. High 
penetration of photovoltaic sometimes leads to increase in voltage if the photovoltaic generation becomes 
greater than the consumer side demand. The studies suggest that there has been an improvement in the 
voltage profile of the entire distribution system. The inter-connection of photovoltaic generation with the 
utility grid has resulted in improved voltage profile and more reliable system as the added generation 
helped in reducing the voltage stress on the lines [25].  
 
Without Photovoltaic system installed, usually in a typical distribution line the voltage drops along the 
length of distribution line connecting the substation with the load. With the installation of PV system, the 
voltage drop is substantially reduced as at the time of voltage drop PV feeds into the system. But at times 
when PV generation exceeds the load demand, then the need to channelize the extra energy comes into 
picture. This is done in order to limit the “violation of upper limit of the voltage level” [26].  
 
Various theories suggest the ways to eliminate the voltage rise problems.  
 
In [27], authors have come up with the method of “active power curtailment and reactive power 
absorption” in case of voltage rise that helps in reducing the undue increase of voltage rise. The former 
method is not economical and the latter might result in high flow of reactive power into the network. 
Overall, this might result in occurrence of additional power losses in the distribution network.  
 
In [28], the voltage control method using reactive power has been proposed to deal with the voltage rise 
problem.  
 
In [29], the method using battery energy storage system (BESS) along with residential photovoltaic systems 
helps in reducing the problem of voltage rise.  

Voltage profile along the distribution line (radial configuration) as shown in Figure 4.1(a) with three 

different cases as explained below: 

Case 1: When there is no photovoltaic generation, then the voltage profile on the distribution line is as 
shown in Figure 4.1b.  

Case 2: When PV generation is present and all the loads are perfectly fed by the balanced PV generation, 
no active power flows along the distribution line. The voltage profile will be as shown in figure 4.1c.  

Case 3: When PV generation is greater than the demand on consumer side, power flows back to the 
network in the upward direction and thus cause the voltage rise as shown in Figure 4.1d.  
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Figure 4.1: Voltage graph corresponding to different levels of PV Generation (a) Line diagram of feeder (b) 
“Case 1 (c) Case 2 (d) Case 3” 

 
Battery energy storage system’s integration with the residential PV system can help in using the surplus 
energy of PV generation for charging of batteries and discharge the same later when PV generation is not 
there or for delivering to low loads.  
 
4.2Impact of Photovoltaic Generation on Stability 
Photovoltaic generation with battery energy storage system connected with Grid affects both the transient 
and steady state stability of the system. Transient stability is studies from the four indicators: 

(i) Calculation of maximum Speed deviation of Rotor at the time of fault 
(ii) “Time taken by the oscillations to acquire a new equilibrium after the fault is cleared” 
(iii) Recording the response of generator’s rotor angle corresponding to different types of faults 
(iv) Monitoring the variation of terminal voltage at the time of different fault conditions 

 
The various studies [29] have revealed that system stability is inversely proportional to the change in the 
rotor angle. With an increasing penetration of photovoltaic into the system, the stability of the system 
increases. Also, with an increase in the use of photovoltaic generation in the system, the drop in the 
terminal voltage also stabilizes and the voltage drop is seen to be decreasing as depicted in Figure 4.1 also. 
The parameters described above also experiences the same change when the study was carried out with the 
inclusion of battery energy storage systems. It is observed that the maximum deviation of rotor speed 
decreases with increase in PV penetration along with the energy storage systems. But after a certain level, 
all these stability parameters saturates. This can be named as the “optimal penetration level”.  
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5. SIMULATION DESIGN 

 

5.1 Mathematical Modeling of photovoltaic array in Simulink 
PV array is simulated in Simulink for Unisolar US-64 Solar Panel with the appropriate characteristics. The 
PV array simulated comprises of 6 series connected photovoltaic modules. The PV module used in current 
input and voltage output type. Figure 5.1 shows the Simulink model used to study the characteristics of PV 
module. Parameters are taken from standard photovoltaic module data sheet and are given as input in the 
parameter block as shown in figure 5.2. 
 

 
Figure 5.1: Simulink model to study Current-Voltage & Power-Voltage characteristics of PV module 

 

 
Figure 5.2: Parameter dialog box for PV module (Unisolar US-64)  

 
Following are the characteristics of Unisolar US-64 Solar Panel  

• “Maximum Power (Pmax) = 85W 
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• Nominal Voltage : 12V 

• Open Circuit Voltage, Voc = 23.8Volts 

• Voltage at maximum Power Point (Vmpp) = 16.5V 

• Current at maximum Power Point (Impp) = 3.88 amp” 
 
For a given set of Irradiation values (vector input of values 200 400 600 800 1000 W/m2), the Current-
Voltage (I-V) and Power-Voltage (P-V) characteristics obtained are discussed in Chapter -6 (Simulation 
Results).  
 
5.2 System Configuration and design of Maximum Power Point technique (MPPT) 

The next step in modeling of grid connected Photovoltaic system is the design of power point tracker along 
with the step up Boost DC-DC converter for the photovoltaic array.  
 

The main function and usage of developing MPPT algorithm to work with DC-DC boost converter is to 
adjust the control variable in order to make sure that the photovoltaic array delivers and operates at 
maximum power point. 

For maximum power point tracker developed, it is ensured that the PV array current (Ipv) takes the boost 
input current as reference current (Iref). Perturb and Observe (P&O) criteria are used while developing 
MPPT algorithm. The entire P&O algorithm is summarized in the flowchart given below: 

 

 

 

 

 

 

 

                                        Yes                                              No 

                   

 

 

 

 

 

 

 

Figure 5.3: Algorithm for Maximum Power Point Tracking (MPPT) 

Following MATLAB script initializes the maximum power point tracking algorithm [28], [21] 

Get the value of PV array power 

(Ppv) 

Ppv > 

Pold 

∆Iref = -∆Iref 

Iref = Iref+∆Iref 

Pold = Ppv 

Continue 

in same 

direction 

Change 

direction 

Give the values to initialize Iref, 

∆Iref, Pold 
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“% Initialize MPPtrackIref 
 
global Iref; 
global Increment; 
global Pold; 
Pold = 0; % initial value for the sensed power 
Iref = 4; % initial value for the current reference 
Increment = -1; % initial direction: decrease reference current” 
 
After initializing the variables, next perturb and observe algorithm is written as MATLAB script as given 
below [21]: 
 
“function y = MPPtrackIref(P) 
  
global Pold; 
global Iref; 
global Increment; 
  
IrefH = 5; % upper limit for the reference current 
IrefL = 0; % lower limit for the reference current 
DeltaI = 0.02; % reference current increment 
  
if (P < Pold) 
    Increment = -Increment; % change direction if P decreased 
end 
  
% increment current reference 
Iref=Iref+Increment*DeltaI; 
  
% check for upper limit 
if (Iref > IrefH) 
    Iref = IrefH; 
end 
  
% check for lower limit 
if (Iref < IrefL) 
    Iref = IrefL; 
end 
  
% save power value 
Pold = P; 
% output current reference 
y = Iref;” 
 

MPPT algorithm helps PV array to operate at maximum output power which helps in maximizing the array 
efficiency. Basically, MPPT does this operation by constantly controlling the voltage of the PV array 
irrespective of the load connected.  

Simulink model of photovoltaic array with Boost DC-DC converter and MPPT algorithm is shown in 
Figure 5.4.  
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Figure 5.4: Simulink model of array with boost dc-dc converter & maximum power point tracking 

algorithm. 
 

5.3 Battery Energy Storage System with Buck and Boost Converter 

 
In the study of the project, Battery Energy Storage system for residential use is taken of the specification – 
48V, 100Ah Lead Acid Battery Bank. Figure 5.5 shows the Simulink model of Battery with Boost 
converter. The output is shown in figure 5.6 and it can be observed that the input 48V dc is boost up to the 
level of 104.3 V. 
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Figure 5.5: Battery Energy Storage System with Buck-Boost Converter Topology 

 

Figure 5.6: Scope output for Battery with buck-boost converter 

While the higher values in the scope output shows the boost values and the lower values comparatively are 
when the topology of the Simulink model works as buck converter.  

5.4 Inverter design for Grid connected PV system 

The dc output from PV array and battery cannot be directly connected with the utility grid system. For this, 
there is a need to add a Voltage Source Converter (VSC) as shown in the Figure 5.7. The function of this 
VSC block is to convert the dc at its input terminals to ac output of reasonable value and helps in thereby 
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completing the connections between the PV arrangement with battery energy storage system and utility 
grid. At the output of three level bridge converters, LC filter of 30kvar capacitor bank is added that helps in 
filtering the harmonics and smoothen the output of the bridge converter. Figure 5.7 shows the three level 
bridge converter along with the block parameters used for this bridge. 

 
Figure 5.7: Three Level Bridge Inverter – Simulink Block and Parameter Dialog Box 

 
5.5Utility Grid Model 

 
To study the grid connected PV system, the utility grid model consists of the following: 

- Three phase voltage source (2500MVA, 120kV 60Hz) 
- 120kV transmission system (including 5km & 19km feeder lines: Distributed Parameter Line 

model) 
- 25kV Distribution Feeder 

Contd. 
(in main 

Simulink 

model)

Three phase 

Voltage Source

2500MVA, 

120kV, 60Hz

120kv/25kv 

47MVA

Transformer

Bus 

14-km Feeder

Bus 

5-km Feeder

Bus
25kV/ 400V 

Distribution 

Transformer

 

Figure 5.8: Utility Grid with AC Source, 120kV Transmission & 25kV Distribution 
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6. SIMULATION RESULTS 

PV Array  

Step wise discussion of Simulation results clearly depicts the working of Grid connected PV model. Firstly, 
the PV module with characteristics of photovoltaic module as explained in Chapter-5 (5.1) gives the 
Power-Voltage (P-V) and Current-Voltage (I-V) characteristics as shown below in figure 6.1. 

 

Figure 6.1: Current-Voltage and Power-Voltage characteristics of photovoltaic array 

It is observed that the maximum power point for a particular PV module is at 85Watt (from P-V plot). For 
all the six PV modules, total maximum power generated is given by: 

�������� = 6 ∗ 85 = 510	����� 

PV array to Boost DC-DC Converter 

Next step for Simulation design is to operate the photovoltaic array at maximum power point. MPPT 
algorithm is designed which operates PV array at the maximum power level of approximately 510 watts. 
To achieve this objective, Boost DC-DC converter as shown in Figure 5.3 is used. Boost DC-DC converter 
used with MPPT helps in increasing the dc output of the PV array which is of the order of 103.4 V to a 
voltage level of around 200 volts. Figure 6.2 shows the snapshot of Simulink model after running for 0.1 
seconds. The “displays” at various locations show the values that depicts that PV array is working at 
maximum power point.  

Vpv Vpv 

Ppv 
Ipv 1000 W/m2 

800 W/m2 

600 W/m2 

400 W/m2 

200 W/m2 
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Figure 6.2 Simulink model after running displays the values showing PV array operating at maximum 

power point.  
 

The output scope shown in Figure 6.3 reveals that the boost converter and MPPT algorithm works in 
association such that the PV array operate s at maximum power of 510.8 Watts.  

 

Figure 6.3: Output of PV array with MPPT 
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Inverter for Grid Connected PV System 

As explained earlier the dc voltage at the output of DC-DC Boost converter is converted to three phase 
voltage in order to tie this entire system with utility grid. For this three level bridge inverter is used with the 
specifications shown earlier in Chpater-5. The output at the scope of three-level bridge inverter with the use 
of LC filter is as shown in Figure 6.4.  

Specifications of LC Filter –  

 

Figure 6.4: Three Level Bridge Inverter & LC Filter Output 
 

PV Grid Connected Model 
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Figure 6.5 show the Simulink model for Grid connected PV system with Battery Energy Storage.  

 
Figure 6.5: Simulink Model Snapshot for Grid Connected PV array 

 
The Simulink model is run for t = 0.05 seconds. For different operation modes as explained earlier in 
Chapter – 3, the outputs obtained at the different scopes are as shown below in Figure 6.6. The output on 
the load measurement block is consistent irrespective of the fact whether the PV array is feeding alone or 
PV is feeding with battery or utility alone is feeding the same load. This proves that for different modes the 
PV array works with the battery energy storage system and the utility grid.  

The corresponding voltage levels at various axes can be verified as explained below: 

For Main Source (120kV, 2500MVA): Vrms (phase to phase voltage) = 120 kV 

          Vmax (phase to phase voltage) =  

�	���� � = √2 ∗ V�rms� = 	 √2 ∗ 120kV = ���. �!	"# 

For Transmission (25kV): Vrms (phase to phase voltage) = 25 kV 

                  Vmax (phase to phase voltage) =  

�	���� � = √2 ∗ V�rms� = 	 √2 ∗ 25	kV = $%. $�	"# 

For Distribution (after 25kV/400V transformer): Vrms (phase to phase voltage) = 400 V 

                            Vmax (phase to phase voltage) =  

�	���� � = √2 ∗ V�rms� = 	 √2 ∗ 400	V = %�%. �!	# 
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Figure 6.6: Scope output at different points (Without DSTATCOM) 
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Usually for grid connected PV systems, there is voltage rise and low at the point of common coupling 
(PCC) and load (Figure 6.6. - third axes). The three phase voltage output obtained at PCC is displayed in 
scope output shown in Figure 6.7.  

 

Figure 6.7: Scope output at Point of Common Coupling (PCC) 

To regulate voltage at this point, DSTATCOM is used. DSTATCOM in model used is designed for to 
function for 25kV distribution network as shown in Figure 6.8. The 600V connected load represents the 
load continuously absorbing. To observe the dynamic response of the DSTATCOM, programmable voltage 
source block is used to bring amplitude change in the input source voltage. The programmable voltage 
source for time t = 0 to 0.2 seconds keep the voltage at normal value. At time t=0.2 seconds, there is an 
increase of 6% in voltage level. As seen from the Figure 6.8, the voltage increases by 6% i.e. value 
becomes: 

�	�increased	value� = 1.06 ∗ 170	kV = 180	kV	�approximately� 

During the time t = 0.2 – 0.3 seconds, the increase in voltage is seen in figure 6.8 scope outputs. During this 
time, DSTATCOM compensates for the increase in voltage by absorbing the reactive power from the 
system network. At time t=0.3 seconds, the source voltage decreases by: 

�	�decreased	value� = 0.94 ∗ 170	kV = 160	kV	�approximately� 
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Figure 6.8: Scope output explaining DSTATCOM operation 
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Figure 6.9: Scope output for DSTATCOM operation 

Above figure 6.9 shows that from time t=0.2 secs up to t=0.3 secs when source voltage increases, 
DSTATCOM starts acting as inductive and absorbs reactive power (+2.7 MVAR). At time t=0.3 secs, 
source voltage decreases and DSTATCOM generates reactive power (-2.7 MVAR). Correspondingly 
second axes (yellow line) show how voltage is stabilized at 1 p.u. during the whole time period. 

At time of low or almost negligible power generation from PV array, the battery energy storage system 
with the given battery bank specifications is capable of delivering power to the load and thereby the 
generation is not affected in the sense that the generators work as they work in normal conditions only. 
Thus, the stability increases with the use of battery energy storage systems in grid connected photovoltaic 
generation.  
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7. CONCLUSIONS 

 

Today with increasing installations of PV with energy storage systems, the research focus has seen a 
tremendous change and now extends into many areas including voltage regulation, grid stability, power 
quality, fault detection and protection, dynamic control, Islanding etc. The project focused on studying the 
effect of grid connected PV system with energy storage on system stability and voltage.  
 

� Simulation results show that at highest irradiation value, PV array operates at maximum power 
point and is capable of feeding the load and charging the batteries simultaneously. This way it is 
capable of sharing the load from the utility. 
 

� Integration of PV array with grid occurs at the point called Point of Common coupling (PCC). Due 
to the input from both utility and solar generation, voltage increase possibility at this point at time 
of low load is very high and thereby, is not validated. To overcome this situation, two approaches 
used in practical systems are – either the excess voltage charge the batteries or DSTATCOM 
regulates the voltage as explained in results above.  

 
� For stability with the increasing penetration of distributed generation in the system, stability 

improves as the renewable power generated stabilizes the system by providing the required 
amount of energy at times of need.  
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