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ABSTRACT 

 

 

FUZZY CONTROLLED ENERGY STORAGE SYSTEM FOR LOW -

VOLTAGE D ISTRIBUTION NETWORKS WITH PHOTOVOLTAIC 

SYSTEMS     
 

 

 Wong Jianhui  

 

 

The development of renewable energy generation helps reduce the amount of 

CO2 emission and the fossil fuel dependency. The amount of renewable 

energy sources is anticipated to increase on the low-voltage distribution 

networks for the improvement of energy security and reduction of greenhouse 

gas emission. Malaysia has a high solar irradiance level which is ideal for 

photovoltaic (PV) systems. The growth of the PV systems on the low-voltage 

distribution networks can create several technical issues such as voltage rise, 

voltage unbalance issues, unnecessary neutral current circulation and reverse 

power flow. Usually, these happen with little fluctuation. However, these 

issues tend to fluctuate seriously due to the low clear sky index in Malaysia. 

These issues become more severe when the installation and distribution of the 

single-phase renewable energy sources are rather arbitrary and not monitored 

by any utility companies. To ensure an effective operation of the distribution 

networks with PV systems, an energy storage system consisting of bi-

directional inverters coupled with lead acid batteries is developed. A control 

algorithm utilising fuzzy logic is implemented to govern the operation of the 

energy storage system. The fuzzy controlled energy storage system is able to 

mitigate the fluctuating voltage rises and voltage unbalances on the networks 

by actively manipulating the flow of real power between the networks and the 
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batteries. The fuzzy logic control algorithm has a rapid response to address the 

voltage fluctuation due to the intermittent PV power output that fluctuating 

substantially. Furthermore, this work has the advantage to maximize the use of 

renewable energies without limiting the generation. The proposed fuzzy 

control algorithm is able to regulate the voltage and voltage unbalance factor 

by maintaining the generation and balance of the network. Hence, the 

proposed work can improve the power quality, increase stability, reliability 

and efficiency. As a result, the low-voltage distribution networks can operate 

within its tolerance without limiting the amount of renewable energy sources. 

To verify the effectiveness of this fuzzy control method, an experimental low-

voltage distribution network with two units of 3.6 kWp PV systems is set up. A 

number of case studies under various generation and demand scenarios are 

performed to evaluate the performance of the fuzzy controlled energy storage 

systems. The results show that the proposed fuzzy control algorithm can 

effectively govern the energy storage systems to reduce the voltage unbalance 

factor and maintain the voltage level of the low-voltage distribution networks 

with PV systems.   
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CHAPTER 1 

 

1INTRODUCTION  

 

 

1.1 Research Background 

 

Todayôs climate change, increase in fossil fuel consumption and global 

warming issues have led to the emergence of sustainable technologies. The 

Intergovernmental Panel on Climate Change (IPCC) mentioned that the root 

cause of the climate change is the increase in greenhouse gas (GHG) 

emissions produced by human activities. Figure 1.1 shows the global 

temperature anomaly plotted by National Aeronautics and Space 

Administration, Goddard Institute for Space Studies (NASA/ GISS). It can be 

observed that the effect of global warming was started earlier in the 1970s 

where the temperature anomaly was recorded to be positive.  

 

Various measures have been identified to promote the awareness to reduce 

GHG in the country. The utilisation of renewable energy sources is recognised 

as an alternative source of power to address the issues of environment and 

energy. The Malaysian government has set a target of reducing the GHG 

emission by 40% by the year 2020 as compared to 2005 levels. In order to 

meet the target, the Malaysian government has offered various remunerative 



 
2 

packages including feed-in tariff, tax exemptions for green technologies, 

incentives and subsidies to encourage the utilisation of renewable energies. 

 

Figure 1.1 Global temperature anomaly from year 1880 to 2013 (NASA GISS, 

2014)  

 

Among all the renewable energy sources available in Malaysia, the outlook for 

solar energy has been positive and it is expected to increase significantly. The 

cumulative installed capacity from year 2012 to 2013 has risen up by 65 MW. 

However, one of the challenges in Malaysia is that most of the photovoltaic 

(PV) system installations are customer-driven and are non-centrally planned. 

Consequently, a large amount of grid-connected PV systems can cause severe 

power quality issues such as voltage rise, voltage unbalance, unnecessary 

neutral current circulation and reverse power flow. Figure 1.2 shows the 

conventional electrical power system. It is designed for unidirectional power 

flow from the generating units to the lower voltage levels at the customerôs 

end. However, a large amount of renewable energy sources connected to the 
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distribution networks may cause reverse power flow within the electrical 

network as shown in Figure 1.3.  

 

Figure 1.2 Conventional structure of the Malaysian electrical power system  

 

 

Figure 1.3 Structure of the electrical power system with the deployment of 

renewable energy sources on the Malaysian low-voltage distribution network 

 

Among all the technical issues, voltage unbalance can be the most serious 

issue in Malaysia. This is due to fact that the installation and distribution of 

the single-phase renewable energy sources are rather arbitrary and not 

monitored by utility companies (Wong et al., 2011). Furthermore, the utility 

companies allow the single-phase customers to install the single-phase PV 
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systems freely up to 12 kWp, whereas three-phase customers can install three-

phase PV systems freely up to 425 kWp at 11 kV(Abu et al., 2013).  

 

A research has shown that the voltage unbalance factor can rise above the 

tolerance of 2.0% if the single-phase PV capacity installed on the low-voltage 

distribution network is greater than 12 kW (Wong et al., 2011). Several 

research works have proposed to use energy storage systems to accommodate 

a large amount of wind energy and mitigate voltage unbalance (Atwa and El-

Saadany, 2010; Chen et al., 2011; Chua et al., 2012). So far, this approach is 

an effective means of mitigating any voltage issues on the distribution 

networks without curtailing any of the renewable energy. However, most of 

the existing energy storage systems are not designed to handle the voltage 

rises and voltage unbalances that fluctuate very rapidly throughout the day on 

the distribution networks with a large number of single-phase PV systems.  

 

The fluctuation of voltage rises and voltage unbalances is caused by the large 

number of passing clouds over Malaysia. An effective control strategy is 

needed for the energy storage systems to mitigate the fluctuating voltage rises 

and voltage unbalances on the distribution networks with the PV systems. This 

research project is proposed to develop a fuzzy controlled energy storage 

system for mitigating voltage rise and voltage unbalance on the distribution 

network caused by intermittent PV power outputs. The traditional control 

methods are used to solve steady state voltage rises and voltage unbalances. 

The fuzzy control method is mainly used to deal with fluctuating voltage rises 

and voltage unbalances which happen predominantly in Southeast Asia or 
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other regions with cloudy skies. Therefore, this method will be the most 

appropriate choice when dealing with dynamic voltage rises and voltage 

unbalances. The fuzzy control provides the necessary pre-emptive action 

before the voltage excursion becomes too significant. This is to ensure that the 

voltage level and voltage unbalances are restored before it becomes severe. As 

a result, the voltage magnitude can be maintained well within the required 

tolerance under the high intermittency of PV systems. 

 

 

1.2 Objectives 

 

The objectives of this research work are as follows:- 

I. To design and develop a laboratory scale low-voltage distribution 

network with renewable energy sources.  

II.  To evaluate technical impacts caused by the intermittent renewable 

energy and quantify the power quality issues on a low-voltage 

distribution network. 

III.  To design a suitable control approach for an energy storage system 

on the low-voltage distribution network integrated with PV 

systems. 

IV. To evaluate the performance of the proposed energy storage 

system in mitigating voltage rises and voltage unbalance caused by 

renewable energy sources. 
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1.3 Research Methodology 

 

This research aims to develop a suitable control algorithm for the energy 

storage system to mitigate voltage issues caused by the large deployment of 

PV systems on the distribution networks. The study was carried out using 

experimental approach. Figure 1.4 shows the flow chart of the methodology. 

The research methodology is divided into 8 steps as follows:- 

 

Step 1: Literature review 

Various initiatives have been implemented by the Malaysian government to 

encourage the utilisation of renewable energy sources in the country. A brief 

introduction on these initiatives is given. Literature review is carried out to 

investigate the potential grid connected renewable energy sources and the 

deployment impacts on the low-voltage distribution networks. A discussion on 

the existing methods to overcome these technical issues caused by the 

integration of renewable energy sources will be done. A sensible solution is 

determined based on the literature review. 

 

Step 2: Network design 

The characteristics of the Malaysian distribution network are studied. These 

electrical characteristics are used to develop an experimental network 

emulator in the University laboratory. The network prototype is equipped with 

PV systems, load emulator and data acquisition system. 
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Step 3: Impact studies 

This step is implemented to investigate and identify the potential voltage 

issues caused by single-phase PV systems in the University premises on the 

Malaysian distribution network.  

 

Step 4: Energy storage system with simple control method 

Energy storage system is one of the sensible solutions to overcome the voltage 

issues caused by PV systems. The performance of the energy storage system 

can be optimized if it is equipped with an appropriate control strategy. A 

simple control method is developed to manipulate the power flow of the 

energy storage system for voltage quality improvement.  

 

Step 5: Single-phase energy storage system with fuzzy control 

The nature of the PV power output is always intermittent. A fuzzy control 

algorithm is further implemented from step 4 to address the rapid change of 

the voltage caused by PV power output.  

 

Step 6: Performance assessment 

Several case studies with various scenarios under different generations and 

loading conditions are performed to evaluate the performance of the single-

phase energy storage system with fuzzy control to mitigate voltage issues 

particularly voltage rise and voltage unbalance due to PV systems. 
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Step 7: Controller Implementation 

Most PV systems are single-phase and the installations are distributed non-

uniformly on the Malaysian low-voltage distribution networks. Three single-

phase energy storage systems are further implemented from step 5 and they 

are coordinated and controlled by an improved control using fuzzy logic 

control and Parkôs transformation.  

 

Step 8: Performance Assessment 

Several scenarios with different generation and loading conditions are carried 

out to assess the performance of the improved version of the fuzzy controlled 

energy storage system.  

 

Final Solution: 

Using the above methodology, a fuzzy controlled energy storage system is 

proposed as a solution to improve voltage stability, mitigate voltage rise and 

voltage unbalance caused by intermittent PV power output. 
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 Figure 1.4 Flow chart of the methodology 

 

 

1.4 Research Outline 

 

The structure of the thesis is outlined in the following manner:- 

 

Chapter 2 of this thesis summarises the literature review on the Malaysian 

regulatory framework for renewable energy. The potential grid-connected 

renewable energy sources are briefly discussed. It is followed by the literature 

review on the impacts of large deployment of renewable energy sources on the 

distribution networks and the existing methods to overcome these issues.    

 

Chapter 3 illustrates the formation of the experimental low-voltage 

distribution network. The design and development of the electrical system, 
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emulation system, renewable energy sources and the data acquisition are 

outline clearly. 

 

Chapter 4 presents the investigation of voltage impacts caused by the 

integration of PV system at the University premises on the distribution 

network. This chapter presents the characteristics of the PV power output and 

the impact of the voltage quality issues on the Malaysian low-voltage 

distribution network. 

 

Chapter 5 describes the design and development of the single-phase energy 

storage system. The design objectives for the system are initially presented. It 

is followed by the description of the fuzzy control algorithm that is 

incorporated into the single-phase energy storage system. This chapter also 

presents the passive operation of the energy storage system with renewable 

energy sources.  

 

Chapter 6 presents the implementation of the three single-phase energy storage 

systems. This chapter elucidates the approach to coordinate the three single-

phase energy storage systems using the improved control with fuzzy logic 

control and Parkôs transformation. Several scenarios under different 

generation and loading conditions were considered to investigate the 

effectiveness of the proposed solution to reduce the voltage unbalance factor 

and restore the voltage level within the tolerance limit on the low-voltage 

distribution network. 
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Chapter 7 illustrates the validation work for the fuzzy control algorithm. The 

formation of single-phase energy storage system utilising a different brand of 

the bi-directional inverter is outlined in the chapter.  

 

Chapter 8 draws a conclusion by summarising the key findings of the research 

and the potential future work that can be done. 

 

 

1.5 Publications & Patent 

 

 

Based on the research findings, a patent is filed and several papers have been 

published in peer review journals and international conferences listed as 

follows:- 

 

No. Title 

Patent/ 

Journal/ 

Conference 

Impact 

Factor 

1 

Fuzzy control method on bi-directional 

inverter with energy storage for 

distribution networks with renewable 

energy 

Patent No.: 

PI2013002517 
N/A 

2 

Distributed energy storage systems with 

improved fuzzy controller for mitigating 

voltage unbalance on low-voltage network 

http://dx.doi.org/10.1061/(ASCE)EY.1943

-7897.0000260 

(Published) 

Journal: 

ASCE  

Journal of 

Energy 

Engineering 

Thomps

on ISI: 

1.104 

3 

Novel fuzzy controlled energy storage for 

low-voltage distribution networks with 

photovoltaic systems under highly cloudy 

condition 

http://dx.doi.org/10.1061/(ASCE)EY.1943-

7897.0000178 

(Published)  

Journal: 

ASCE  

Journal of 

Energy 

Engineering 

Thomps

on ISI: 

1.104 

http://dx.doi.org/10.1061/%28ASCE%29EY.1943-7897.0000260
http://dx.doi.org/10.1061/%28ASCE%29EY.1943-7897.0000260
http://dx.doi.org/10.1061/%28ASCE%29EY.1943-7897.0000178
http://dx.doi.org/10.1061/%28ASCE%29EY.1943-7897.0000178
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4 

Grid-connected photovoltaic system in 

Malaysia: A review on voltage issues 

http://dx.doi.org/10.1016/j.rser.2013.08.08

7 

(Published) 

Journal: 

Science Direct 

Renewable & 

Sustainable 

Energy 

Reviews 

Thomps

on ISI: 

5.510 

5 

Self-intelligent active management system 

for electrical distribution networks with 

photovoltaic systems 

http://dx.doi.org/10.1049/cp.2013.1743 

(Published) 

Conference: 

IET 

Renewable 

Power 

Generation 

Conference 

2013 

N/A 

6 

Self-intelligent active management system 

for electrical distribution networks with 

ocean renewable energy sources 

(Published) 

Book chapter: 

Ocean 

Renewable 

Energy: The 

New Frontier 

in Malaysia, 

published by 

UTM 

N/A 

7 

Impacts of centrally and non-centrally 

planned distributed generation on low 

voltage distribution network 

http://dx.doi.org/10.12720/sgce.1.1.60-66 

(Published) 

Journal: 

International 

Journal of 

Smart Grid 

and Clean 

Energy 

Inspec 

8 

Energy storage with fuzzy controller for 

power quality improvement on distribution 

network with renewable energy 

(Published) 

Conference: 

2
nd

 Edition of 

The World 

Sustainable 

Energy Forum 

2014 

(EnerSol) 

N/A 

 

 

 

 

 

 

http://dx.doi.org/10.1016/j.rser.2013.08.087
http://dx.doi.org/10.1016/j.rser.2013.08.087
http://dx.doi.org/10.1049/cp.2013.1743
http://dx.doi.org/10.12720/sgce.1.1.60-66
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CHAPTER 2 

 

2LITERATURE REVIEW  

 

 

2.1 Introduction  

 

This research seeks to investigate the future challenges associated with the 

integration of renewable energy sources on the low-voltage Malaysian 

distribution networks. In order to proceed, a review related to the current 

prospect of renewable energy sources in Malaysia, particularly PV system is 

discussed. PV systems are very promising in Malaysia due to its abundant 

solar irradiance. As mentioned in chapter 1, the Malaysian government has 

committed to reduce 40% of the GHG emission in the country by year 2020 

with respect to the level in year 2005. In order to achieve a low-carbon 

margin, various efforts and initiatives have been taken in the past 10 years by 

the Malaysian government.  

 

Renewable energy has been adopted globally as one of the alternative 

solutions to overcome the energy and environment issues. However, the 

existing distribution networks are designed to operate without the 

consideration of large deployment of renewable energy sources. In a 

conventional power system, the power flow is unidirectional; a large amount 
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of grid connected renewable energy has the potential to change the power flow 

to bi-directional, creating a number of technical issues such as voltage rise, 

voltage unbalance, reverse power flow. These issues can cause equipment 

interruption, poor network efficiency and poor supply reliability. The 

objective of this chapter is to investigate the consequences and integration 

issues associated with the key constraints evaluated by the developed 

countries. An overview of the existing strategies to resolve these technical 

issues is also presented. Energy storage is seen as one of the viable solutions 

to accommodate the power quality issues associated with the integration of 

renewable energy sources and therefore a review of these technologies is also 

presented in the chapter. Finally, a conclusion is drawn from this review with 

regard to the investigation of potential solution in mitigating power quality 

issues caused by renewable energy sources. 

 

 

2.2 Regulatory Frameworks in Malaysia 

 

The developed countries have taken various initiatives to ensure the success of 

renewable energies implementation. Energy policies are conducted to provide 

stable regulatory frameworks for renewable energy producers. Renewable 

energies are recognized worldwide as clean and environmental friendly 

alternative source of power. The main strategies taken by the developed 

countries include feed-in tariff and eliminate or reduce fossil fuel subsidies. 

The European government also takes initiatives to encourage the installation 

of renewable energy sources by introducing tax exemption, incentives, loan, 
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rebates and subsidies (Klessmann et al., 2011; ķekercioĵlu and Yēlmaz, 2012; 

Fouquet, 2013; Mondol and Koumpetsos, 2013). 

 

The regulatory framework enacted by the developed countries may not be 

suitable for developing countries. In Malaysia, various strategies and key 

policies are developed by the government to achieve the nationôs policy in 

which to mitigate the issues of security, energy efficiency and environmental 

impact for the next 30 years (Muhammad-Sukki et al., 2012). The main 

Malaysian government ministries and agencies to overrun the energy 

efficiency improvement are the Energy Unit of Economic Planning Unit 

(EPU) of the Prime Ministerôs Office, the Ministry of Energy, Green 

Technology, and Water (Kettha), Energy Commission (EC) and the 

GreenTech Malaysia (GTM). Recently, the Malaysian government has 

aggressively put in enormous initiatives and efforts to promote renewable 

energy (RE) utilization.  

 

The timeline in chronological order for the above mentioned initiatives is 

shown in Figure 2.1. The government has introduced a comprehensive policy 

in implementing renewable energy. Renewable energy was first introduced in 

the country through Fifth Fuel Policy in year 2001. In the same time, Small 

Renewable Energy Power (SREP) program was launched to encourage small 

power generation using renewable energies. These policies and projects are 

implemented under the 8
th
 and 9

th
 Malaysia Plan where the government 

planned to achieve a total capacity of 500 MW grid connected renewable 
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energies. However, the implementation of this plan received sluggish 

response.  

 

In 2006, the National Bio-Fuel Policy was launched to support the Fifth Fuel 

Policy which was also aimed at reducing the dependency of fossil fuel in 

Malaysia. Later, the National Green Technology Policy 2009 was launched to 

promote green technology and sustainable development in power generation. 

It was then followed by the implementation of National Renewable Energy 

Policy 2010 (NREP 2010). The vision of NREP 2010 was to promote and 

enhance the utilisation of renewable energy within the country. The objectives 

of NREP 2010 are to facilitate the growth in renewable energy industry and 

increase public awareness on the importance and role of renewable energy.  

 

Figure 2.1 Timeline of the initiative taken by the Malaysian government 

 

Presently, the total installed capacity of the renewable energy stands at less 

than 1.0% of the total power generation capacity nationwide as shown in 

Figure 2.2. However, the utilisation of renewable energy is expected to grow 



 
17 

with the implementation of feed-in tariff scheme under the Renewable Energy 

Act 2011, in which the individual can opt to sell the power generated to the 

utility company at a fixed premium rate. 

 

Figure 2.2 Electricity consumption and renewable energy generation in 

Malaysia from year 1971 ï 2012 (The World Bank Data, 2014) 

 

In the 10
th
 Malaysian Plan, the government has targeted to achieve 985 MW 

by 2015, contributing to 5.5% of Malaysianôs total electricity generation mix. 

The Malaysian government introduced the feed-in tariff to foster RE because 

it was successfully implemented in over 40 countries including Germany, 

Spain, Italy and Thailand. Feed-in tariff are payments for those who generate 

electricity with RE sources.  

 

Table 2.1 shows the details of feed-in tariff rate for solar, biomass, biogass and 

small-hydro in Malaysia. Renewable Energy (RE) fund, implemented by 

Sustainable Energy Development Authority Malaysia (SEDA) is used to pay 

for the users who sell their electricity under the feed-in tariff. An additional 
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tax of 1.6% will be imposed on the consumersô electricity bill towards the 

contribution of RE fund. However, domestic consumers who are utilizing less 

than 300 kWh will be exempted. These funds will be used to equalize between 

the renewable and non-renewable sources (Hashim et al., 2011). It is shown 

that the feed-in tariff for PV is the highest among all other technologies.  

Table 2.1  Feed-in tariff (FiT) rate for solar in Malaysia  

No. Descriptions Feed-in Tariff 

Rate 

(MYR/kWh) 

Feed-in Tariff 

Rate* 

(USD/kWh) 

Solar photovoltaic 

(a) Solar photovoltaic installation with capacity 

of: 

  

i Up to and including 4 kW 1.23 0.41 

ii  Above 4 kW, up to and including 24 kW 1.20 0.40 

iii  Above 24 kW, up to and including 72 kW 1.18 0.39 

iv Above 72 kW, up to and including 1 MW 1.14 0.38 

v Above 1 MW, up to and including 10 MW 0.95 0.32 

vi Above 10 MW, up to and including 30 MW 

 

0.85 0.28 

(b) Solar photovoltaic installation (a) with 

criteria as follows entitle to have additional 

bonus: 

  

i Use as installations in buildings or building 

structure 

+0.26 +0.09 

ii  Use as buildings materials +0.25 +0.08 

iii  Use of locally manufactured or assembled 

solar photovoltaic modules 

+0.03 +0.01 

iv Use of locally manufactured or assembled 

solar inverters 

+0.01 +0.003 

    

Biomass 

(a) Biomass installation with capacity of:   

i Up to and including 10 MW 0.31 0.10 

ii  Above 10 MW, up to and including 20 MW 0.29 0.10 

iii  Above 20 MW, up to and including 30 MW 0.27 0.09 

(b) Biomass installation (a) with criteria as 

follows entitle to have additional bonus: 

  

i Use as installation for gasification  0.02 +0.01 

ii  Use as installation for steam generation >14% 

efficiency 

0.01 +0.003 

iii  Use of locally manufactured or assembled 

parts 

0.01 +0.003 

    

Biogass 

(a) Biogas installation with capacity of:   

i Up to and including 4 MW 0.32 0.11 
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ii  Above 4 MW, up to and including 10 MW 0.30 0.10 

iii  Above 10 MW, up to and including 30 MW 0.28 0.09 

(b) Biomass installation (a) with criteria as 

follows entitle to have additional bonus: 

  

i Use as installation for gas engine > 40% 

efficiency 

 

0.02 +0.01 

ii  Use of locally manufactured or assembled 

parts 

0.01 +0.003 

iii  Use for landfill or sewage gas 0.08 +0.03 

    

Small-hydro 

(a) Small-hydro installation with capacity of:   

i Up to and including 10 MW 0.24 0.08 

ii  Above 10 MW, up to and including 30 MW 0.23 0.08 

*Feed-in Tariff rate in US Dollar (USD)/kWh are converted based on a conversion 

rate of USD 1.00 = MYR 3.00   

 

PV system, being one of the most promising renewable energy sources in 

Malaysia, has the possibility to grow tremendously on the public low-voltage 

distribution networks. The introduction to feed-in tariff has brought to an 

average annual growth of 81% of the grid connected PV. Figure 2.3 shows the 

feed in tariff prices for PV systems and electricity retail prices for different 

countries. Among these countries, Malaysia has the lowest electricity retail 

price due to the subsidies from the Malaysian government. Although the 

Malaysian government has developed an effective policy on renewable energy 

to reduce the dependency of fossil fuel and mitigate the effect of climate 

change, the guidelines for the PV systems installation are limited. The 

technical issues are apparent in Malaysia where the frequency of passing 

clouds is possibly the highest in the world. 
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Figure 2.3 Feed-in tariff prices and retail electricity prices for different 

countries 

 

 

2.3 Current Pr ospect of Renewable Energy in Malaysia 

 

There are several potential renewable energy sources available in Malaysia, 

such as solar, biomass, biogas, mini-hydro, and municipal solid waste (Ahmad 

et al., 2011). According to SEDA database, there is approximately 166.49 MW 

in biomass and 29.53 MW in biogas under construction as of Jan 2014. The 

potential capacity of both biomass and biogas can become 1,340 MW and 410 

MW respectively by 2028. The current small hydro generation is 

approximately 130.99 MW in Jan 2014 and should reach 490 MW by 2020. 

As for the waste power generation, the total capacity was 5.5 MW as of 

August 2009 and can be 360 MW by 2020.  
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Figure 2.4 shows the cumulative installed capacity of the renewable energy 

sources under the feed-in tariff scheme. It can be seen that 62% of the installed 

capacity comes from the installation of PV systems. Hence, the solar energy 

outlook in Malaysia is very promising and it is expected to surpass all other 

renewable energy sources by year 2050 (Chua et al., 2012). One of the reasons 

for this positive outlook is that Malaysia is a tropical country where high solar 

irradiance is available throughout the year. Furthermore, various remunerative 

packages have been introduced by the Malaysian government to promote the 

utilisation of PV systems among the domestic users. Malaysia is likely to be 

one of the largest solar power producers in the world in the near future 

(Mekhilef et al., 2012).  

 

Figure 2.4 Cumulative installed capacity of commissioned renewable energy 

sources under the feed-in tariff as of May 2014 (SEDA, 2014a)  
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2.3.1 Photovoltaic (PV) system in Malaysia 

 

PV cells consist of one or more semiconductor materials to convert solar 

energy to electrical energy. For higher capacity, PV cells are interconnected 

with each others to form a module. PV system utilises PV modules to convert 

solar irradiance into direct current (DC) and power electronics based inverter 

to regulate and convert the DC power generated from the PV module to 240 V 

AC power. PV system can be scaled to cover a small household requiring 1.0 

kWp to large farms requiring MWp. Figure 2.5 shows the flow of power 

generation using PV system. Figure 2.6 shows the average solar radiation at 

various locations in the country (Mekhilef et al., 2012). It is noticed that the 

northern region in Peninsular Malaysia has an average solar radiation of 1650 

kWh/m
2
 whereas in East Malaysia, Kota Kinabalu in Sabah appears to have 

the highest solar radiation of 1900 kWh/m
2
.  

 

 

Figure 2.5 Power generations using PV system 
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Figure 2.6 The annual average solar radiation on various regions in Malaysia  

 

The current installed PV capacity up to year 2012 is approximately 20 MW as 

reported in the Trends in Photovoltaic Application survey report written by the 

International Energy Agency (IEA). Pusat Tenaga Malaysia (PTM) and IEA 

expected that solar energy has the potential to reach more than 6,500 MW by 

2030 (Augustin et al., 2012).  

 

Various research and development on inverters, PV concentrators, solar cell 

fabrication and characterization studies have been carried out by many local 

research institutions. These include research work on grid-connected inverters, 

development of solar cell, PV concentrator and PV power systems. Figure 2.7 

shows the global module price index, cumulative and annual installed PV 

power. It is observed that the global module price index for PV module 

dropped drastically from USD$ 3.84/W in 2006 to USD$ 1.37/W in 2011. The 

SEDA database has shown that the cumulative installed capacity from year 
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2012 to 2013 has risen up by 65 MW due to the launch of feed-in tariff 

(SEDA, 2014a).  

 

Figure 2.7 Global module price index, annual installed and cumulative 

installed grid connected PV capacity in Malaysia (SEDA, 2014a; NREL and 

LBNL, 2014) 

 

 

2.3.2 Wind Energy 

 

Wind energy is among the potential renewable energy sources available in 

Malaysia. The first wind farm in Malaysia was set up on Pulau Layang-layang 

which is located in Sabah. Research results compiled by University 

Kebangsaan Malaysia (UKM) in 2005 have shown a good wind generation 

profile. Nevertheless, harnessing wind energy in Malaysia very much depends 

on the location as Malaysia is geographically situated in the equatorial region 

and its climate is governed by the monsoons. Figure 2.8 illustrates the process 

flow of wind generation. Wind turbine is used to convert kinetic energy 
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generated by wind into electricity. A wind controller and an AC-DC converter 

is used to regulate and convert AC output from the wind turbine to a stable DC 

output. A DC-AC inverter is then used to convert the direct current to alternate 

current at 50 Hz.  

 

Figure 2.8 Wind generations 

 

Research study has been carried out to assess wind energy in Malaysia with 

the installation of 16 stations covering east and west Peninsular Malaysia, 

Sabah and Sarawak (Mekhilef and Chandrasegaran, 2011). Figure 2.9 shows 

the wind speed study locations across Malaysia. Locations numbered with 1-3 

cover Peninsular Malaysia that are facing South China Sea while locations 

numbered with 8-16 covers the Sabah and Sarawak coastline. Location 5-7 

covers the coastline along the straits of Malacca. Figure 2.10 shows the 

average wind speed for the study locations as labelled in Figure 2.9. Research 

results show that locations facing South China Sea are the best choices for off-

shore wind farm implementation due to the maximum potential during 

Northeast monsoon season from November to February (Mekhilef and 

Chandrasegaran, 2011).  
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Figure 2.9 Wind speed study location in Malaysia 

 

 

Figure 2.10 Average wind speeds at different locations in Malaysia (Chiang et 

al., 2003) 

 

 

2.3.3 Small Hydro 

 

Hydro generation projects are based on harnessing the power of flowing water 

from lakes, streams and rivers. Most of the hydro generation projects are 

located in remote areas. According to SEDA, the installed capacity of small 
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hydro power plants in Malaysia under the feed-in tariff program is 

approximately 11.7 MW while it is expected to have 206 MW by 2016 

(SEDA, 2014b).  

 

 

2.4 Potential Power Quality Issues Caused by Photovoltaic System 

 

Global warming caused by excessive greenhouse gas (GHG) emission has 

brought to the attention of global leaders. Figure 2.11 shows the major sources 

contributing to CO2 emissions in Malaysia. These sources including energy 

industries, transport sector, manufacturing, industries and construction, forest 

and grassland conversion, commercial and residential, soil emissions, mineral 

and metal production. Energy industries have been identified as the highest 

contribution in CO2 emissions in the country. As a result, various programmes 

are launched to encourage the use of renewable energy in the country. Solar 

energy has an enormous amount of potential that can be utilised by various 

forms of technology, for example, PV system. At present, most PV systems 

are in single-phase and the installation to the premises is mainly customer 

driven and not centrally planned. Therefore, the growth of PV system on low-

voltage distribution network has the potential to raise several technical issues 

including voltage fluctuation, voltage unbalance, voltage rise, reversed power 

flow and unnecessary neutral current flow (Wong et al., 2011). 
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Figure 2.11 Major sources of Carbon Dioxide (CO2) emissions by sectors in 

Malaysia (GreenTech Malaysia, 2014) 

 

Research paper (Basso, 2008) has identified several technical issues caused by 

high penetration of large PV and wind turbine system on distribution network. 

Such technical issues include harmonics, flickers, load and generation 

imbalance. Global trends in sustainable energy investments for the year 2014 

shows that the new investment in renewable energy projects has slightly 

slipped by 14% (McCrone et al., 2014). Nevertheless, this fall in 2013 was a 

reflection of reduction in costs of PV while the cumulative installed capacities 

of PV systems increased.  

 

In Australia, distributed generators are predicted to meet 40% of the total 

energy required, with the main production contributed by grid connected PV 

systems (Lewis, 2011). In Singapore, PV array on the roof covers an area of 

11,000 square meters with a generating capacity of 1.2 MW which can supply 
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at least 15% of the centreôs electricity demand (Clover, 2013). Inline with the 

trend of increase in renewable energy sources on the electric networks, various 

research projects (Ingram et al., 2003; Yun Tiam, 2004; Lyons, 2010; Wong et 

al., 2011) were carried out to investigate the impacts of renewable energy 

sources on the distribution networks. The reliability of the electric network has 

become a major concern due to the integration of renewable energy sources.  

 

Some of the efforts that have been implemented by the developed countries 

and the impacts of high penetration of renewable energy sources on the 

distribution networks have been widely studied. European laboratories at 

National Technical University of Athens (NTUA) in Greece, DeMoTec in 

Germany, SYSLAB in Denmark and the Small Scale Energy Zone (SSEZ) 

Laboratory in Durham University were setup to investigate the impacts of 

renewable energy sources and establish the active management system 

(Barnes et al., 2005; Barnes et al., 2007; Lyons, 2010). In the UK, voltage rise 

has been identified as one of the most serious power quality issues due to the 

high penetration of renewable energy sources (Lyons, 2010). Germany has 

implemented rules and regulations to limit the amount of renewable energy 

sources that can be fed into the grid.  

 

A simulation model is developed at Helsinki University of Technology by 

using Decentralised System Simulation Tool for Optimized Generation 

(DESIGEN) to investigate large scale PV power integration on distribution 

networks. The results have demonstrated that the network model can handle 

PV without any significant issues if the PV power is the same or less than the 
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load. If the PV sizing is greater than the load, there is a tendency of significant 

voltage rise and the network losses are at least double that of a three-phase 

four wire distribution networks without PV integration (Paatero and Lund, 

2007).  

 

A field measurement is carried out on the 12 kWp PV system located at a 

feeder in Florianopolis, Brazil. The results showed a small voltage rise at the 

point of connection. In order to further evaluate the impact of PV systems on 

the feeder voltage, a simulation program using Analise de Redes Eletricas 

(ANAREDE) is used to model a 4.2 MWp distributed PV generator (Urbanetz 

et al., 2012). As a consequence, large deployment of PV systems on the 

distribution networks can cause severe voltage issues if coordination is not 

properly done.  

 

 

2.4.1 Voltage Issues: Voltage Regulation and Voltage Rise 

 

Distribution networks are designed without any PV integration and the 

installation of renewable energy sources on the distribution network has the 

potential to cause voltage rise at the feeder end (Barker and De Mello, 2000). 

Simulation has shown that voltage instability occurred in the IEEE 13 bus 

system by integrating 40% of the PV power to a heavily loaded network (Yan 

and Saha, 2012). In Japan, the density of grid connected PV systems is 

expected to increase in the urban area under the Japanese PV2030 roadmap. A 

typical size of 3-5 kW PV system will inject the generated power into the grid 



 
31 

during daytime. Under this circumstance, the reverse power flow can cause a 

voltage rise on the distribution network. This paper also describes the output 

power loss due to the grid voltage rise (Ueda et al., 2008).  

 

Although PV integration with the distribution networks can reduce the 

transmission loss and peak load, improper coordination and implementation 

without regulatory framework can cause integration issues. A comprehensive 

analysis of the impacts on distribution networks with different penetration 

level (Chen et al., 2012) has shown that a small amount of PV penetration at 

the wrong location can produce unacceptable voltage profile. PV power output 

is solely dependent on the solar irradiance, PV systems tends to have peak 

generation during the middle of the day. Modelling approach using Power 

World simulation software shows that the increase in PV system penetration is 

likely to cause voltage level to increase (Lewis, 2011). The approximate 

voltage rise due to the renewable energy sources can be estimated using the 

equation as follows (Jenkins et al., 2000):- 

 
V

XQPR
V

+
=D  (2.1) 

Where P and Q are the real and reactive power output from the renewable 

energy source respectively, R and X are the resistance and inductance of the 

system respectively. V is the nominal voltage of the system.   

 

In Canada, Power System Computer Aided Design (PSCAD) software is used 

to evaluate the feeder voltage of a typical 240 V/ 750 kVA Canadian suburban 

radial distribution networks. Overvoltage is found to be one of the serious 

technical issues under low load condition is occurred. Cutting down the PV 
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capacity might be one of the solutions to overcome the overvoltage issues, 

however, with this solution, more power needs to import from the utility and 

this will also reduce the amount of CO2 reduction (Tonkoski and Lopes, 

2011). 

 

 

2.4.2 Voltage Unbalance 

 

The nature of balanced three-phase voltage is always to have equal magnitude 

and phase among all the three phases. It is possible to have balanced voltage at 

the generation and transmission level. However, it is unlikely to happen at the 

utilisation level due to non-linear load and uneven distribution of single-phase 

distributed generators. Voltage unbalance factor (VUF) is used to evaluate the 

degree of unbalance (Von and Banerjee, 2001). It is defined as follows:- 

 %100(%) ³=
+

-

V

V
VUF

 (2.2) 

Where VUF is the voltage unbalance factor; V- is the negative sequence 

voltage; and V+ is the positive sequence voltage. The negative (V-) and 

positive (V+) sequence voltages can be computed using the following 

equation:- 
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Where Va, Vb and Vc are the three phase line voltages at phase A, B and C 

respectively. V0, V+ and V- are the zero, positive and negative sequence 

voltage respectively. 

 

Referring to the International Electrotechnical Commission (IEC) standard, a 

voltage unbalance of 1.0% can cause 6 to 10 times the current unbalance. A 

comprehensive analysis on the experimental case study is performed on a 

selected substation in Tehran. The assessment has verified that a relatively 

small amount of voltage unbalance can have a high amount of current 

unbalance. Large amount of current unbalance can contribute to network 

power loss (Bina and Kashefi, 2011). Similarly, a network will  experience 

significant output energy loss due to the high grid voltage (Ueda et al., 2008). 

Unwanted current unbalance can produce unnecessary heat in the motor 

windings which will degrade the performance and reduce the lifespan of the 

induction motors (Jenkins et al., 2000).  

 

 

2.4.3 Voltage Flickers and Fluctuation 

 

PV power output is very much dependant on the solar irradiance. Region with 

cloudy skies may experience voltage fluctuation and flickers. Voltage 

fluctuation is defined as the changes in voltage magnitude for a period that is 

longer than the nominal voltage under consideration (J. Schlabbach and et. al., 

2000). While voltage flicker can be defined as the repetitious variation in the 

electric voltage supply that result in a repetitious fluctuation in luminance of a 
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light source which is inconvenient to the human eyes (H. M. Al-Hamadi, 

2012). Cloudy skies may become one of the barriers to the PV penetration. 

Undesirable voltage fluctuation on the distribution networks may lead to 

excessive use of on-load-tap-changer. A study was done to investigate the 

impact of 20% PV penetration on the feeder voltage under clear and cloudy 

skies. The results show that the tap changes during cloudy skies are 4 times 

more frequent as compared to the clear sky conditions (Ari and Baghzouz, 

2011). As a consequence, a significant increase of tap changes will reduce the 

life span of the transformer.  

 

The quality and safety of the electrical system can be seriously affected by 

voltage flickers and voltage fluctuations. It is the severe voltage quality issues 

that may affect the operation of machinery, process control equipment and 

malfunction of protection systems. It can propagate from downstream to 

upstream of the system or vice versa due to the propagation of currents 

(Elnady and Salama, 2007). A research study was carried out to investigate the 

power output fluctuations at 7 large PV plants located in Spain. These PV 

plants have power outputs ranging from 1 MWp to 9.5 MWp. It was observed 

from the results that the PV power fluctuation reduces as the plant size 

increased. As the plant size increased, there is a smoothing effect due to the 

geographical dispersion. The PV power output is also smoothed in relation to 

the irradiance variation for larger PV plants (Marcos et al., 2012).  

 

Short-term and long-term flicker indices are normally used to quantify the 

severity of flicker. The short-term flicker index is calculated by integrating the 
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voltage fluctuations over a period of 10 minutes, while the long-term flicker 

index can be quantified by integrating the voltage fluctuations over 2 hours. 

The following formulas are used to calculate the short-term and long-term 

flicker indices (IEC 61000-3-3, 1994; Nambiar et al., 2010):- 

nomV

VV
d minmax -=

 (2.4) 

Where Vmax is the maximum voltage; Vmin is the minimum voltage and Vnom is 

the nominal voltage. 

0

0
d

d
PP STST ³=

 (2.5) 

Where PST is the short term flicker; PST0 is the relative short term flicker; d is 

the voltage change and d0 is the relative voltage change. The long-term flicker 

is also known as the average of the short term flicker. It can be calculated as 

follows:  
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 (2.6) 

where N is the total number of short-term flicker within the 2 hours andi

STP is 

the i th short-term flicker. 

 

 

2.4.4 Reversed Power Flow  

 

The large deployment of renewable energy sources has the possibility to cause 

reverse power flow. An analysis showed that reverse power flow is likely to 
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occur during the period of small loads and high solar irradiance (Urbanetz et 

al., 2012). Investigation has also been done to analyze the ability of power 

transformer to facilitate the amount of power flow associated with high 

penetration of renewable energy sources. It is also identified that the reverse 

power flow occurs in the 11 kV and 33 kV power systems when the 

penetration of PV systems is more than 82.5% (Cipcigan and Taylor, 2007). 

The distribution networks are designed at a time when the power flow was 

towards the customersô load. The transformers are designed for step down 

operation.  

 

Reverse power flow due to high penetration of renewable energy sources can 

be eliminated either by limiting the net power export to the higher voltage 

system, or it can be achieved using active local controller and energy storage 

system (Cipcigan and Taylor, 2007). This would allow the excess power 

generation to be stored into the storage system instead of flowing towards the 

higher voltage system. 

 

 

2.5 Existing Methods for Power Quality Improvement  

 

Voltage regulation, voltage rise and voltage unbalance are the common 

technical issues that pose a problem with the increase in the amount of PV 

penetrations. At present, several methods are proposed for voltage 

improvement in the distribution networks due to the integration of renewable 

energy sources:- 
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1. Renewable energy curtailment ï Limiting the amount of active 

power exported from renewable energy sources. 

2. Power electronic based devices ï Flexible AC Transmission 

System, for example, Static synchronous compensator 

(STATCOM).  

3. Energy storage ï Store excess power generated by the renewable 

energy sources to reduce voltage rise. 

4. OLTC control ï Change the transformer tap position to lower the 

system voltage. 

5. Load management ï Demand side management to control the 

electricity usage of the customers.   

 

The above mentioned methods are the existing techniques for power quality 

improvement on the distribution networks. In addition, some of these 

techniques can be operated in conjunction with each other in order to optimize 

the performance. 

 

 

2.5.1 Renewable Energy Curtailment   

 

Renewable energy sources connected at the remote end of a radial distribution 

networks have greater effects on voltage rise. Generation curtailment is a 

strategy that restricts the amount of real power flow into the distribution 

networks by shutting down some of the renewable energy sources. It has been 

widely investigated as an approach to ensure that the voltage is within the 
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acceptable limits (Shafiu et al., 2004; Zhou and Bialek, 2007; Noor Hidayat 

and Li , 2013). An investigation is carried out to determine the feasibility of 

implementing a solar neighborhood in a suburban residential area in Canada. It 

is found that active power curtailment is effective in preventing overvoltage 

during high generation and low load condition (Tonkoski and Lopes, 2011).  

 

Generation curtailment is often used in the European countries to secure grid 

stability when there is a high risk of large amount wind energy during storms. 

At first sight, this could be a loss that should be avoided; however, a research 

paper argued that generation curtailment maybe an optimal solution with 

regard to total costs for providing electricity. Hence accepting generation 

curtailment can minimize the cost for network reinforcement (Klinge Jacobsen 

and Schröder, 2012). However, active power generation has higher economic 

value than reactive power import into the distribution networks. The owners of 

the renewable energy sources gain income from the feed-in tariff by exporting 

the power to the distribution network. Therefore, generation curtailment is not 

recommended as it limits the reduction of carbon footprint and reduces the 

revenue of the owners of the renewable energy sources. As a result, several 

research papers have proposed alternative solutions to mitigate the power 

quality issues caused by the high penetration of PV on the LV distribution 

networks. Among these solutions, the use of super-capacitor is proposed to 

mitigate the voltage flickers caused by the intermittent PV power output 

(Achim et al., 2003) and reactive power compensation is proposed for 

regulating and stabilizing the distribution voltages (Tran-Quoc et al., 2007).  
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2.5.2 Flexible AC Transmission System (FACTS) Devices: Static 

Synchronous Compensator (STATCOM )  

 

Flexible AC Transmission System (FACTS) device is a power electronic 

based system that is used to control and increase power transfer capability of 

the network. An adaptive reactive power compensation facility such as a Static 

Synchronous Compensator (STATCOM) is one of the FACTS devices. It is a 

shunt compensator that is used to improve voltage flickers in industrial steel 

manufacturing where there is a dynamic change in large loads (Menniti et al., 

2010).  

 

Traditionally, a STATCOM without energy storage unit has no significant 

capability in providing active power to the grid. Research projects have been 

carried out to integrate STATCOM with an energy storage system to stabilize 

the system voltage and to provide active power support during the grid 

contingency (Svensson et al., 2006). It is also proposed to integrate the 

STATCOM with a supercapacitor based energy storage system for voltage 

regulation and voltage sag mitigation (Xi et al., 2008). D-STATCOM also 

known as Distributed Static Synchronous Compensator is a voltage-source 

inverter (VSI) based shunt compensation device that is used to solve power 

quality issues on the distribution network (Mitra and Venayagamoorthy, 

2010). A new control algorithm generates a reference voltage for a D-

STATCOM to ensure that the unity power factor is achieved at load terminal 

during nominal operation. The proposed system can inject currents on the 

distribution network to mitigate voltage sag (Kumar and Mishra, 2014).  
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D-STATCOM was integrated to a distribution network in Taiwan for reactive 

power compensation. Research has shown that the voltage control scheme of 

the proposed D-STATCOM is able to mitigate the system voltage violation 

that is caused by excessive PV power generation during peak solar irradiation 

(Chen et al., 2013). It is also proposed that the D-STATCOM to be installed at 

2/3 of the feeder length in order to optimize the performance. The installed D-

STATCOM maintains the voltage magnitude at the point of concern by 

manipulating the flow of reactive power between the network and the D-

STATCOM (Shahnia et al., 2014). However, voltage control using reactive 

power is not as effective as active power on the low-voltage distribution 

networks due to the network resistance being greater than the reactance. 

 

 

2.5.3 Energy Storage 

 

Energy storage plays an important role in power management in the 

distribution networks with large deployment of renewable energy sources such 

as PV and wind turbine systems. Various research projects have identified that 

energy storage systems are capable of increasing network reliability during 

generation and demand fluctuations, maximize the net revenue of the investors 

by charging during off peak and discharging during peak hours (Fernandes 

and Philipp, 1977; Svensson et al., 2006). Research is carried out to 

investigate the use of energy storage for ancillary services and the feasibility 

of power quality improvement by utilizing energy storage system (Hajizadeh 

et al., 2010; Nguyen and Flueck, 2012).  
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A simple closed-loop control algorithm is proposed to coordinate the 

distributed energy storage systems with the on-load tap changer of the 

transformers to solve the steady-state voltage rises caused by PV systems 

while reducing the stress of the tap changers (Liu et al., 2012). Fuzzy logic 

was also used to develop a control algorithm to charge or discharge the energy 

storage system according to the online prices of electricity in every hour under 

the deregulated framework of electricity market (Darvishi et al., 2011).  

 

Generally, energy storage can be integrated at various levels of the electrical 

systems. At the transmission level, it can be utilized for frequency control 

whereas at the distribution level, it can be utilized for voltage control and 

capacity support without limiting the capacity of the distributed generators. 

Subsequently, energy storage systems to be installed at the consumer level can 

provide peak shaving. 

 

 

2.5.4 On-Load Tap Changer (OLTC) Control   

 

On-load tap changer (OLTC) associated with voltage regulators are currently 

used for voltage control (Liu et al., 2012; Daratha et al., 2014). Adjusting the 

OLTC in the primary distribution transformers is one of the voltage control 

strategies (Crabtree et al., 2001). However, this approach is unable to address 

the voltage unbalance effectively because OLTC is not able to control the 

individual phase voltages on the distribution networks.  
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2.5.5 Load Management   

 

Load management also known as demand side management (DSM), is widely 

used in the developed countries. In DSM, utility companies have the right to 

control, influence and reduce or increase the electricity demand of the 

customers with incentives. The main objective of the load management is to 

improve the quality of electricity by maintaining load generation balance, and 

stability of the power systems.  

 

Research has been carried out to implement an algorithm for load control and 

a distribution management system controller (DMSC). The DMSC is used to 

estimate the state of the network and operate directly on controllable devices 

(Inigo, 2005). The author of (Tande, 2000) has suggested load management as 

an effective approach to mitigate voltage quality issues in wind power 

generation. One of the advantages of load management is that it can mitigate 

voltage rise issues with minimum network reinforcement and minimum 

constraints on the renewable energy sources. The load controller is used to 

modify and control the load curves in order to match the wind generation. 

However, suitable and controllable loads are not always available. Another 

paper also discusses that DSM as one of the potential approaches in solving 

voltage rise problems in power systems with large amount of renewable 

energy sources (Lim et al., 2005). This can be done by limiting the real power 

output of the renewable energy sources when it is likely to hit the statutory 

limits.  
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In Malaysia, DSM is not as popular as developed countries. A research paper 

outlined some DSM related projects lead by the utility company in Peninsular 

Malaysia. This research paper discussed the benefits of DSM from the aspect 

of utility company and the customers (Ibrahim et al., 1993). DSM can 

minimize the energy costs by shifting the load from peak to off peak times. 

This shifting can reduce the connection hours of peaking plants and hence 

reduce the GHG emission. However, the downside of the DSM is that the 

customersô acceptance of the control actions is still very low and is difficult to 

be improved (Luo et al., 2010).  

 

 

2.6 Energy Storage System for Low -Voltage Distribution Networks 

 

Energy storage system appears emerges to be an effective approach for 

mitigating the voltage issues without curtailing any renewable energy (Yan 

and Saha, 2012). The increasing penetration of renewable energy sources on 

todayôs distribution networks has led to the growing trend of using energy 

storage system. It is also said to be helpful to create a balance between the 

generation and demand to improve the performance of the power grid (Koohi-

Kamali et al., 2013). 
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2.6.1 Revolution of Energy Storage System 

 

Energy storage system, are no longer used only for conventional applications 

such as energy storage/backup. A coordinated voltage control scheme 

integrating electrical energy storage (ESS) is proposed to solve voltage 

problems caused by PV, wind generation, and electric vehicles (P. Wang et al., 

2014). Integration of energy storage system into low-voltage distribution 

networks is a new concept for improving system capacity and stability 

(Kashem and Ledwich, 2007). The authors (Yang et al., 2014) have proposed 

an appropriate sizing method of the battery energy storage system to mitigate 

the risk of distribution companies with high penetration of renewable energy 

sources. Optimal allocation of energy storage systems can maximize the total 

economic benefits. It can also create a balance between generation and 

consumption, so that it can reduce the power exchange at the substation 

(Zheng et al., 2014). A research project in the UK has proposed to integrate 

energy storage system for active network management with wind power (Carr 

et al., 2014). Wind power generation is likely to increase in the near future. 

The use of energy storage systems is one of the potential methods to 

accommodate a large amount of wind power deployment without limiting the 

generation. 

 

Various research projects have developed their own control strategy for peak 

load shaving using energy storage system (Fernandes and Philipp, 1977; 

Oudalov et al., 2007; Y. Wang et al., 2014). During peak load period, the 

control strategy conveys discharge command to the energy storage system. On 
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the contrary, the control strategy enables charging during high PV power 

generation (Yang et al., 2014). With this control strategy, voltage rise due to 

high power generation can be eliminated.  

 

A combination of PV system and energy storage units is proposed for reducing 

energy loss and enhancing voltage stability (Kashem and Ledwich, 2007; 

Hung et al., 2014). Any excess power generated by the PV system can be 

stored in the energy storage unit that is integrated with the PV system (Hung et 

al., 2014). However, energy storage without the management system does not 

optimize the performance to mitigate voltage unbalances on the distribution 

networks. This is due to its inability to control individual phase voltages on the 

distribution networks. The energy storage system also improves the efficiency 

and reliability of the utility grid by reducing the spinning reserve to meet peak 

power demands and also to provide support to the distributed network operator 

in case of plant failure.  

 

 

2.6.2 Advantages and Limitations of Different Storage Technologies 

 

Energy storage systems can be used to improve network stability, feeder 

voltage and supply quality and reliability (Wade et al., 2010). Most energy 

storage technologies are expensive, especially those that use lithium ion 

battery. At present, lead acid batteries are the most commonly used and cost 

effective storage device. However, lead acid batteries have short lifespan and 

the shelf life will be reduced if the charging and discharging rates are high. 
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Table 2.2 illustrates a list of energy storage technologies with their advantages 

and limitations. Due to cost constraint, lead acid battery is the most 

appropriate type of energy storage device for our application.  

Table 2.2  Summary of energy storage technologies that market available for low-voltage 

distribution networks  

Energy Storage 

Technology 

Advantages Disadvantages 

Lead acid batteries - Low costing 

- Efficiency approximately 

80-90% 

- Short lifespan 

- Deep discharge shorten 

lifespan 

Lithium ion batteries 

(Li -ion) 

- High energy density 

- High power and durable 

- Low self discharge 

- High costing 

Redox flow batteries - Low self discharge - Low efficiency 

approximately 60-70% 

- Limited temperature 

range, approximately 

5
o
C to 45

o
C 

Nickel Cadmium 

(NiCd) 

- High charging cycle 

- Fast charging time 

- Durable 

- Environmental 

unfriendly 

- Low energy density 

Nickel ïmetal hydride 

(NiMH) 

- Reliable 

- Durable 

- Higher energy density as 

compared to NiCd 

- High self discharge 

- High maintenance 

- Performance degrades 

if stored at elevated 

temperature 

Flywheel - High efficiency - High self-discharge 

rate 

Supercapacitor - Long shelf life (more than 

20 years) 

- High self-discharge 

rate 

- Low energy density 

 

 

2.7 Summary 

 

Future distribution networks are likely to have high penetration of distributed 

renewable energy sources. Significant developments have been made to create 

a flexible supply and demand chain, as well as in the area of network 

technologies and energy information networks. In European countries, when 

the intermittency of the renewable energy sources exceed 20-25% of the 
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demand, renewable energy curtailment is necessary in order to avoid grid 

disturbance unless the excess power generated is stored in the energy storage 

system. Active network management system has been emerged to be one of 

the solutions to accommodate and overcome technical issues caused by 

distributed renewable energy sources.  

 

The intention of the Malaysian government is to increase the utilisation of 

renewable energy in the country for reducing the GHG emission by 40% from 

the 2005 levels by the year 2020. Introducing feed-in-tariff scheme has 

promoted the installation roof-top PV systems among domestic users and 

industrial players. As the share of renewable energy sources in the electricity 

sector increases, the energy storage system becomes increasingly important. 

With the drop in the price of the batteries and the increase in the life cycle, 

energy storage has become viable solution in active management. Table 2.3 

shows that, the energy storage system can be integrated at different levels to 

have different impacts on the type of services provided. It is important to 

target the right application level as it involves different stakeholders of the 

electrical power systems. Energy storage system is essential to balance the 

power generation and demand, assimilation of excess power output from 

renewable energies and bridging low periods of regenerative power 

generation. Higher levels of the energy storage are required for grid flexibility 

and stability. Control strategy is important for the energy storage system to 

respond based on the network conditions.  Hence, to integrate a high share of 

renewable energies, a system for controlling the real and reactive power flow 

is required. 
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Table 2.3  Application of energy storage system for different levels 

 Transmission 

Level 

Distribution Level  User Level 

Application in 

Electrical Power 

System 

- Ancillary services 

such as voltage and 

frequency 

regulation 

- Ancillary services 

such as voltage and 

frequency 

regulation 

- Stores excess 

energy 

generated by 

distributed 

generators 

Operating reserve Peak shaving End user peak 

shaving 

 Demand side 

management 

Reduce 

electricity bill 

by charging 

during off peak 

tariff and 

discharging 

during peak 

tariff 

 Increase depth of 

renewable energy 

penetrations 

 

* Applicable to countries with off-peak and peak electricity tariff 

 

Energy storage system is one of the sensible solutions to overcome the voltage 

issues caused by PV systems. Most of the existing energy storage systems do 

not solve the voltage rise and voltage unbalance issues that fluctuate 

throughout the day in the distribution network. The performance of the energy 

storage system can be optimized if it is equipped with an appropriate control 

strategy. An effective control strategy is needed for the energy storage systems 

to mitigate the fluctuating voltage rise and voltage unbalance on the 

distribution networks with PV systems that are available in the country with 

cloudy skies condition.  
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CHAPTER 3 

 

3ARCHITECTURE OF THE  EXPERIMENTAL LOW -VOLTAGE 

DISTRIBUTION NETWORK  

 

 

3.1 Introduction  

 

The Malaysian transmission network voltages are 500 kV, 275 kV and 132 kV 

while the distribution networks are 33 kV, 11 kV and 415 V for three-phase 

systems. A laboratory scale experimental low-voltage distribution network is 

designed to investigate the effect of high penetration of PV systems on the 

distribution network and enable the development of suitable control system for 

the energy storage system to maintain satisfactory network operation. In this 

chapter, the design and details of each component for the experimental low-

voltage distribution network are presented.  

 

 

3.2 Review of the Malaysian Low-Voltage Distribution Network 

Topology 

 

In order to develop a hardware platform to investigate the future challenges of 

PV systems and to investigate the active control techniques on the low-voltage 
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distribution network, it is necessary to review the existing distribution 

networks. The Malaysian low-voltage distribution network is a radial three-

phase four wire system. Consumers are usually connected at the remote end of 

the feeders. Figure 3.1 shows the typical topology of a Malaysian low-voltage 

distribution network. The incoming grid is rated at 11 kV and is stepped down 

to 415 V via a step down transformer. Switchgears are normally placed at both 

high voltage and low-voltage side to isolate electrical equipment in the 

substation. The substation outgoings are branched out to four feeder pillars, 

namely FP3-1, FP3-2, FP3-3 and FP3-4 with a 300mm
2
 four cores cross-

linked polyethylene insulation aluminium underground cables (300MMP 4C 

XLPE Al) being used as the out-going feeders. The network shown in Figure 

3.1 has 18 feeders in which the feeder ends with three-phase cables that serve 

the premises.   

 
Figure 3.1 Typical low-voltage distribution network 
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3.3 Experimental Low-Voltage Distribution Network  

 

The experimental low-voltage distribution network is designed to imitate the 

radial three-phase four wire system. The system is Terra-Terra (TT) earthing 

which is common practice in the Malaysian distribution network where both 

the transformer neutral and the installation frame are earthed. Figure 3.2 

illustrates the placement of each device. The experimental low-voltage 

distribution network consists of two 3.6 kWp single-phase PV systems, a 2.0 

kW single-phase wind turbine emulator and a 9.0 kW three-phase controllable 

load bank. Three phase selectors are installed at the nodes for PV systems and 

wind emulator system so that the single-phase device can be switched freely to 

other phases. Miniature circuit breakers (MCB) are installed before each node 

to protect the nodes from overload and short circuit current. Figure 3.3 shows 

the test lab of the experimental low-voltage distribution network in the 

University. The details of the energy storage system will be discussed in 

Chapter 5. Meanwhile, each of the devices including PV system, wind 

emulator and controllable load will be further elaborated in the following sub-

chapter. 

 

Figure 3.2 Network topology of the laboratory-scaled experimental low-

voltage distribution network 
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Figure 3.3 Test lab of the experimental low-voltage distribution network with 

energy storage system 

 

 

3.3.1 Network Emulator  

 

Network emulator is used to represent the Malaysian low-voltage distribution 

network. It consists of a 15 kVA synchronous machine coupled with an 

induction motor driven by a variable speed drive (VSD) as shown in Figure 

3.4. In addition, VSD is used to regulate the system frequency at 50 Hz 

throughout the experiment. The synchronous machine varies the system 

frequency by changing the speed reference on the VSD.  
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Figure 3.4 Layout of the grid emulator 

 

The design of the grid emulator is developed to isolate the experimental 

network and the grid electrically. Figure 3.5(a) shows the setup of the grid 

emulator and (b) VSD installed in the laboratory. Figure 3.6 shows the voltage 

profiles of the (a) low-voltage grid emulator installed in the laboratory and the 

(b) low-voltage distribution networks taken from the utility grid.  

 

Figure 3.5 Grid emulator installed in the laboratory with (a) synchronous 

generator coupled with induction machine driven by (b) variable speed drive  

 

Figure 3.6 Three-phase voltage profiles for (a) low-voltage grid emulator and 

(b) low-voltage distribution networks respectively 






























































































































































































































































































