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Abstract 

 

Distributed Generation (DG) is expected to play a key role in the residential, commercial 

and industrial sectors of the power system. Distributed Generation (DG) provides an 

alternative to the traditional electricity sources i.e. oil, gas, coal, water etc. and can also 

be used to enhance the current electrical system. The technologies for DG are based on 

reciprocating engines, photovoltaic, fuel cells, combustion gas turbines, micro turbines 

and wind turbines. The DGs are becoming increasingly popular due to their low 

emission, low noise levels and high efficiency. Some of the main applications of DG are 

to provide support and reliability to the power system in a grid-connected mode or 

isolated mode. With the growing use of DG, it is very important to study its impact on 

residential distribution network operation. 

 

In this research, the impacts of installing DG on a residential distribution circuit 

are explored. The work is focused on analyzing the impact of DG installation on 

distribution network operation including voltage analysis, electric losses and reliability of 

the system. First, various DG penetration levels and the impact of distributing the DG 

across several locations are explored. Secondly, the impacts of installing DG on any one 

phase on the voltage profiles of the unbalanced three-phase distribution network are 

investigated. Thirdly, the losses of the system are analyzed. Next, the reliability analysis 

(SAIDI, CAIDI, ENS, and AENS) of the system is performed by installing DGs as 

backup generators. Different DG penetration levels, locations and the impacts of 

installing one large-scale DG on the main distribution line vs. several small-scale 

randomly distributed DGs are explored. A residential distribution circuit in Blacksburg, 
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VA was built using its one-line diagram in DEW (Distributed Engineering Workstation) 

to perform detailed analysis.  

 

The research involves several case studies that explore the impacts of installing 

distributed generation (DG) on residential distribution network operation including the 

voltage profile, losses, and reliability indices of the system. Research findings include:  

Voltage impact and losses:  

• Installing DG of various sizes (1-1692KW) maintains the system voltage with 

slight increase (up to 0.5%) and no over-voltages occur. 

• Distributing DG at several locations along the distribution feeder can provide 

better voltage improvement than installation of aggregated DG of the same size at 

one location depending on the concentration of loads on each phase.  

• Injecting real power from DG into any one of the phases will improve the voltage 

profile of that phase. However, this real power injection also impacts the voltage 

profiles of the other two phases. In the presented case study, the voltage profile of 

one of the phases deteriorates while the other improves. This is due to the 

unbalanced characteristic of the distribution feeder as a result of mutual 

impedance between phases.  

• The losses of the system vary as the DG output changes. In general, the minimum 

losses occur when the size of the DG is equal to the feeder load. However, it can 

vary depending on the characteristics of the feeder such as loads on each phase, 

mutual impedance between phases etc. 

• The power factor at the load level will be the same regardless of the DG 

installation.  

Reliability: 

• The current distribution feeder configuration does not include disconnect switches 

on the main line. Therefore, DG installation will not help improve the feeder 

reliability because the distribution network section with the DG cannot be isolated 

from the fault.  
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• Adding disconnects on the main line helps improve the reliability indices of the 

system significantly (SAIDI by 46%, CAIDI by 46% and ENS by 38%) as the 

failed sections can be isolated and the DG can be used as backup to supply the 

loads cut off from the substation.  

• The best location for the placement of the DG is at the end of the line in terms of 

reliability improvement. Once the fault is isolated, the downstream customers can 

be supplied by the DG and the upstream customers can be served by the 

substation. In this case study, installing a 500kW DG at the end of line can 

improve the ENS (Energy Not supplied) index by up to 26% as compared to 

installing DG at the substation. 

• Installing small-scale distributed DGs (2*150kW, 3*100kW, 4*75kW, 5*60kW) 

instead of an aggregated large-scale DG (300kW) can improve the reliability 

indices depending on the locations of DGs. The index improves if the DGs are 

located closer to the end of line. However, comparing the aggregated large-scale 

and distributed small-scale DGs, the reliability indices improve the most when the 

aggregated DG is placed at the end of the line. 

 

The research covers several implications of DG installation on a residential distribution 

system. The case studies and analysis presented will help towards enhancing the 

reliability and resilience of the power grid. The research is very useful for distribution 

network planning as it quantifies the improvement in reliability indices by installing 

different DG sizes at various distances from the substation and also performs an analysis 

on installing a large-scale aggregated DG vs. several small-scale distributed DGs.  
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction to Distributed Generation 

Energy demand is expected to grow at an annual rate of 1.4 percent between now and 

2020 [1] and Distributed Generation (DG) or the alternate energy systems is expected to 

play an increasing role in the future of the power systems. The term Distributed Energy 

Resources (DER) is used to refer to DG along with storage technologies such as batteries. 

The DG is defined as small-scale generation (10MW or less) and can be interconnected at 

different load levels (substation, distribution feeder or customer) as shown in Figure 1.1. 

The centralized generation remains the main source of electricity while the DER provides 

reliability, resilience and transmission & distribution grades to the grid. Large power 

plants are capital-intensive and require transmission and distribution grids to supply the 

power.  

 

Figure1.1: DER Placement in Power System 
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The technologies for DG are based on reciprocating engines, photovoltaic, fuel cells, 

combustion gas turbines, micro turbines and wind turbines. The technologies are also 

called alternate energy systems as they provide an alternative to the traditional electricity 

sources i.e. oil, gas, coal, water etc. and can also be used to enhance the current electrical 

system. DGs are becoming increasingly popular due to their low emission, low noise 

levels and high efficiency. One of the main advantages of DG is their close proximity to 

the customer loads they are serving. DG can play an important role in improving the 

reliability of the current grid, reducing the losses, providing voltage support and 

improving power quality. The major obstacle for the distributed generation has been the 

high cost. However, the costs have decreased significantly over the past 20 years. The 

distributed generation also reduces green house gas emission addressing pollutant 

concerns by providing clean and efficient energy. Distributed generation is the key to 

meeting growing demands of electricity and provides benefits to customers, utility and 

market. 

1.2 Applications of Distributed Generation (DG) 

The power system is prone to failures and disturbances due to weather related issues, 

accidents, human errors etc. Having the DG as a backup source ensures the reliability of 

power supply which is critical to business and industry. The overall reliability of the 

system can be improved. DG can be used to continuous supply to some of the load 

feeders using switch operations. As shown in Figure 1.2, a fault occurs on feeder 2, but 

continuous power can be supplied to load points B and C through DG in the form of an 

island. Such an operation is termed as islanded mode. 

 

Figure1.2: Island Operation 
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Another key DG application is that it can also be used in parallel to the main grid as a 

support for the loads and also by injecting excess power back to the grid network when 

the DG capacity is more than the required feeder demand. The DG can help the main grid 

during peak load hours when the feeder capacity is not enough to meet the demands of 

the customers. The load shedding can be avoided by having a DG support. The DG helps 

peak shaving as shown in Figure 1.3 that reduces the customer electric bills and also 

improves the reliability of the system.  

 

 

Figure1.3: DG in Parallel to the Main Grid 

The DG can be used as a standby for consumers that cannot tolerate interruption of 

service e.g. hospitals. The DG can also be used as a stand-alone to supply power to the 

customers that are not connected to the grid. For example, the DG can be used as stand-

alone in remote areas where cost of connecting to the main grid is too high as shown in 

the Figure 1.4.  

1.3 Impacts of Distributed Generation 

With the growing use of DG, it is critical to study the impacts on the distribution system 

operation. The radial power systems are designed for one-way power flow. A DG 

installation increases the complexity of the system and impacts the power flow and 

voltage conditions of the system. The planning of the electric system comprises of several 

factors: types of DG, capacity and number of the DG units, the installation location etc. 
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Depending on these factors, the DG can have positive or negative impacts on the system. 

When the DG is attached downstream, it can confuse the voltage regulator by setting a 

voltage lower than the required value. Thus careful coordination between the DG and 

voltage regulator is necessary. Properly coordinated DG can improve the voltage profile 

of the system and enhance the power system stability. Placing the DG at optimal location 

can reduce the losses on the feeder. The DG can also improve the reliability of the system 

by serving as a backup generation for some customers in case of interruptions from the 

utility.  

1.4 Objectives 

In this research, the impacts of injecting real power from DG on a residential distribution 

system are studied. The impacts including voltage profile analysis, losses and reliability 

are investigated. The implications of different DG penetration levels at one and several 

distributed locations on the voltage profile and losses are explored. The research also 

explores various DG size and location impacts on the reliability indices of the system.  
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CHAPTER 2 

BACKGROUND: Literature Review 

2.1 Distributed Generation (DG), a key to the future of Electric system 

Distributed Generation has a key role to play in the future of electricity. The EIA (Energy 

of Information Administration) provides statistics and data analysis about the growing 

demand of electricity and the role of DG. Distributed Generation offers great potential to 

offset traditional utility investments in generation and transmission facilities. A report 

from EIA based on facts and figures of supply, demand and electricity markets is 

presented in [1]. The report shows that DG’s contribution to electricity is predicted to 

increase drastically and renewable-generated electricity will account for 12.5% of total 

U.S. electricity generation in 2030. Many papers have investigated the importance of the 

distributed generation (DG) and its applications in enhancing the electrical system. The 

authors of [2] discuss different applications of DG and its cost analysis. The paper 

presents different DG technologies and the potential benefits of DG that include 

reliability, deferral of power delivery investments, and environmental benefits. Also, in 

[3], the potential of distributed generation to provide ancillary services is discussed. The 

paper demonstrates the potential of different types of DG along with proper power 

electronic interface to provide ancillary services to the main grid.  

 

2.2 Impacts of Distributed Generation (DG) 

Interconnecting a DG to the distribution feeder can have significant effects on the system 

such as power flow, voltage regulation, reliability etc. A DG installation changes 

traditional characteristics of the distribution system. Most of the distribution systems are 

designed such that the power flows in one direction. The installation of a DG introduces 

another source in the system. When the DG power is more than the downstream load, it 

sends power upstream reversing the direction of power flow and at some point between 

the DG and substation; the real power flow is zero due to back flow of power from DG.  

A few papers [4, 5] present guidelines for DG interconnection. In [4], the author defined 

rules for studying the impacts of interconnecting DG to a distribution feeder. The rules 
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are defined for power flow reversal, optimal DG placement for reduction of losses and 

the impacts of DG on over-current protection. In [5], the author also discussed zero point 

analysis and rules for modeling of Distributed Generation interaction with the system.  

 

The 1547 series of IEEE standards for interconnecting distributed resources to the power 

system is a set of standards consisting of 6 parts [6]. The standards provide criteria and 

requirement for interconnecting distributed resources to the power system. The IEEE 

1547.1 [7] defines the requirement for interconnecting equipment that connects the DG to 

the electric power system is presented. The IEEE 1547.2 [8] provides technical details 

and application to understand the IEEE standard is presented.  The IEEE 1547.3 [9] guide 

addresses engineering concerns of design, operation and integration of DG island 

systems. The IEEE 1547.6 [10] standard focuses on criteria, test and requirements for 

interconnection distribution secondary network of area electric power system (Area EPS) 

with Local EPS having Distributed Resource generation. 

 

As discussed in the following sections, the impacts of installing DG on voltage, losses 

and reliability indices of a residential distribution network are studied based on various 

criteria. 

 

2.3 Voltage Impact 

The DG installation can impact the overall voltage profile of the system. Inclusion of DG 

can improve feeder voltage of distribution networks in areas where voltage dip or 

blackouts are of concern for utilities. The voltage issues related to the installation of DG 

on current electrical system have been discussed in several papers. In [11], the impact of 

DG on electric losses, voltage profile and reliability were discussed. The purpose is to 

find optimal DG allocation and sizing for minimal losses and proper voltage and 

reliability support. In [12], the impacts of DG on power system were analyzed. The paper 

analyzes impact of DG on voltage regulation and losses, as well as the voltage flicker and 

harmonics that can be caused by the DG. The paper also addresses DG impacts on short 

circuit levels and the islanding operation of DG.   
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However, the DG can also confuse the voltage regulator settings and can cause the 

voltage to deviate above or below the permissible range. In [13], a technique to regulate 

voltage using DG was proposed. The paper presents a simulation that uses a voltage 

control method for optimal power injection from DG. In [14], the impacts of distributed 

generation (DG) on voltage regulation by Load Tap Changing (LTC) transformer were 

studied. The paper shows that DG can cause under-voltages and over-voltages if proper 

LTC tap transformer controls are not applied.  

 

Several papers have presented control models for the efficient operation of DG. In [15], 

the author presented operation and control for DG installation. The paper presents a DG 

control model to improve the network voltage efficiently. In [16], the author addressed 

network issues when multiple DGs are included in the network. The paper presents 

analytical methods and solutions to develop design criteria for DG installation. The 

authors of [17] presented a simple analytical method to estimate voltage profile for radial 

distribution system when placing DG units with specific active and reactive power 

generation. The authors of [18] also discussed voltage regulation coordination methods of 

DG in a distribution system. The approach makes use of controlling DGs reactive power 

based on its real power to satisfy system voltage requirements.   

 

In this research, the voltage impact of installing DG on an unbalanced residential 

distribution network is studied. The DG is installed at the lowest voltage location and 

distributing it across several locations to explore the impacts. Also, the implication of 

installing DG on one phase and its impact on the other phases is investigated. 

2.4 Losses  

Installation of DG also impacts the losses and power factor of the distribution system. A 

few papers have talked about the reduction of losses by inserting power from DG into the 

system. In [11], the authors discussed the role of DG in loss reduction based on a power 

summation method. In [12], the authors briefly presented the impact of DG on losses of 

the feeder. However, no analysis is presented. In this research, the loss analysis at 

different penetration levels of DG and distributing it across several locations are 

presented. 
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2.5 Reliability 

Distribution system reliability is an important factor in system’s planning and operation. 

The reliability indices such as SAIFI, SAIDI, CAIFI, CAIDI, ASAI, ASUI, ENS etc 

presented by the IEEE guide are used to evaluate reliability of the system. In [19], the 

IEEE guide for reliability indices and terms and definitions related to them were 

presented. Several papers discussed the use of these reliability indices and the data 

collection for their evaluation [20, 21]. The authors of [20] presented the methods of data 

collection to calculate the reliability indices of system. The paper talks about classes of 

customers, selecting the relevant index, outage data collection such as the indices reflect 

the actual customer perceptions and hence would contribute towards improving the 

reliability.  In [21], the author presented a survey of the reliability indices practices in the 

US. The results showed that SAIDI, SAIFI, CAIDI and ASAI were the most used indices. 

The paper also discussed outage factors and their roles in reliability calculation.  

 

The calculation of reliability indices can be examined by using developed softwares. In 

[22], the author used a test system on a General reliability program DISREL to show the 

impact of distributed generation improving the reliability of the system. The paper 

showed that DG was a cost-effective solution that could benefit both utility and 

customers. The authors of [23] presented modeling techniques for DG, and apply them to 

a radial network using commercial software tools that shows improvement in the 

reliability indices. Several papers have presented techniques to evaluate the reliability of 

the system. In [24], the author presented an analytical approach to calculate the reliability 

of the system that included some intrinsic attributes of the DG and the distribution system 

including DG failure, component failure, change in load demand etc. Many factors were 

considered for the reliability indices calculation in the proposed technique. In [25], the 

author presented an analytical and probabilistic approach to calculate the reliability for 

momentary interruptions. The paper also presented reliability cost evaluation technique 

that unifies sustained and momentary interruptions costs. 

 

The location for the placement of DGs is of key importance. In [26], the authors studied 

the effects of DG on system reliability on an Iranian Distribution system. The analysis 
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showed that reliability indices were highly sensitive to location. In [11], the author 

discussed the DG impacts on reliability, losses and voltage profile of the system. The 

paper showed that reliability indices could be improved by properly allocating DG.  

 

Properly coordinated distributed generation can have a positive impact on the system. 

The author of [27] presented the positive and negative impact of DG on reliability indices 

and power quality. The positive impacts included faster restoration and reduced voltage 

sags while the negative impacts could be sympathetic tripping, increased fuse blowing 

etc.  In [12], the author discussed the intentional islanding impacts of DG for reliability 

improvement. A few papers had presented validation models for calculating reliability 

indices [28, 29]. In [28], the basic data for reliability assessment of distribution system 

was presented. The paper also contained basic results of continuity studies for a range of 

sensitivity analysis and alternate configurations. Also, in [29], a validation method for 

reliability model was presented. The model determines component reliability data so that 

the predicted values of reliability indices match with the historical data.   

 

In this research, a technique based on [30] is used to calculate reliability indices in an 

unbalanced distribution system on a radial network. In this technique, the failure rate, 

outage duration and repair time of each load point on the circuit is determined and is used 

to calculate the reliability indices of the system. The impact of installing DG as backup at 

various locations on the distribution circuit is also explored in this research.  
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CHAPTER 3 

THE PROPOSED RESEARCH 

3.1 Research Objectives 

As the use of the distributed generation (DG) increase, it is critical to study its impacts on 

the power distribution system. The objective of this research is to explore the 

implications of installing distributed generation (DG) on a residential area distribution 

network operation. The impacts focused in this research include voltage analysis, losses 

and reliability of the system. The impact of distributed generation (DG) on system’s 

voltage has been studied by injecting real power from DG into a residential distribution 

circuit. A loss analysis of the system as the DG is installed is also performed. The 

impacts of different DG penetration levels at one and several distributed locations on the 

voltage profile and losses. The second key objective of the research is to study the 

reliability impacts of installing distributed generation (DG) as backup generator. The 

impacts focused in this research include the penetration level of DG and DG locations in 

improving the reliability of the system. The impacts of installing one large-scale DG on 

the main distribution line vs. several small-scale distributed DGs of the same size on 

laterals are also explored. Hence, key impacts of distributed generation on a residential 

distribution circuit are investigated in this research. 

3.2 Tasks 

The tasks performed for the research include: 

1) Collecting data that include load on each feeder, feeder type 

(residential/commercial/industrial), number of houses/customers on each feeder, 

length of each section and distributor and transformer data. 

2) Comparing several soft wares for performing the analysis. 

3) Performing voltage analysis on a residential distribution circuit based on different 

penetration levels of DG and distributing it across several locations along the 

feeder. 

4) Studying the impact of installing DG on any one phase on the voltage profiles of 

each phase of the unbalanced three-phase distribution network. 
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5) Analyzing losses of the system as the DG injects real power.  

6) Performing reliability analysis of the system as the DGs are installed as backup 

generators in different configurations (with or without disconnects on the main 

line). The analysis is based on DG penetration, location impacts and large-scale 

aggregated and small-scale distributed DG comparison. 

3.3 Assumptions 

Key assumptions include: 

 

- The DGs installed on the system produce real power only. Many DG technologies like 

PV, Micro-turbine, Fuel cells are dc sources, which supply real power without the help of 

power electronics. Injecting Q using power electronic converters will cause over-voltages 

and will not improve the power factor at the load levels. 

- The disconnects & fuses are 100% available. 

- The failure rate of DG is assumed to be 10%. 

- The total isolation and switching time is 2 minutes when DG is used as backup 

generator. 

- The repair time for each section is 4 hours. 

- The repair time for each distributor lateral is 2 hours. 

 

3.4 Methodology 

The analysis is performed on a residential area distribution circuit of Blacksburg (system 

details can be found in section 3.5). A software comparison was first performed to choose 

the software relevant for the analysis. 

 

� Software Comparison 

Four Soft wares were studied for performing the distributed generation analysis that 

includes MATLAB, PSCAD, ETAP, and DEW. The main features of these programs and 

a simple IEEE-4 node feeder was built in each of them and the voltage values were 

recorded at three node points. 
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PSCAD (Power System CAD): 

PSCAD enables user to schematically design a power system, and graphically simulate 

and analyze it. PSCAD comes with a master library of pre-tested models & elements that 

include: 

Features: 

- Passive elements ( resistors, capacitors, inductors) 

- Sources 

- Transformers  

- Transmission lines and cables 

- Protection devices (switches, breakers, faults, current transformers, potential 

transformer, over current relay) 

- Power electronics / HVDC / FACTS controllers, GTOs, Thyristors, Diodes, Surge 

arrestors etc 

- Metering and measuring (voltmeter, real and reactive power meter etc) 

- Wind sources, turbines and governor models 

- AC and DC machines, exciters, governors, stabilizers etc 

- Generic AC and DC control functions (counter, comparator, angle resolver, 

sampler, delay etc) 

- Analog and digital control functions (logic gates, buffers, inverters, flip flops, 

shift registers, multiplexers) 

Typical studies conducted using PSCAD: 

- Contingency studies of AC networks 

- Relay coordination 

- Filter design & harmonic analysis 

- Control system design of FACTS, HVDC including STATCOM, VSC and 

cycloconverters 

- Lightning studies / fault, breaker operation 

- Insulation coordination of transformers, breakers & arrestors 

- Circuit analyzing and control concepts 
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PSCAD provides users with the ability to interface with MATLAB commands. It can be 

done by calling a special subroutine from within a standard component in PSCAD. The 

user has to design his component, once designed; it can be used with other components 

on a particular project. 

 

To test the results, the IEEE-4 node test feeder was created in PSCAD. 

 

Figure 3.1: IEEE-4 node feeder in PSCAD  

The voltages for the circuit were observed at nodes V1, V2 and V3: 

 

At V1, the source voltage was observed:  

V1 (amplitude Vrms ph-ph) = 10181V 

V1 (line-to-line) = (10180*1.732) / 1.414 = 12470.6V 

 

At V2, and after the drop at the transmission line, the new voltage is approximately: 

V2 (amplitude Vrms ph-ph) =10133.4V 

V2 (line-to-line) = (10133.4*1.732) /1.414 = 12412.3V 

 

At V3, the transformer stepped down the voltage to 4.16kV and after the transmission 

line drop, the new voltage is: 

V3(amplitude Vrms ph-ph) = 3272V 

V3(line-to-line) = (3272*1.732) /1.414 = 4008V 
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MATLAB: 

MATLAB is a powerful tool for modeling, simulating and analyzing dynamic systems. 

Also, MATLAB includes the TCP/IP interface for communication with agents. 

The IEEE-4 node test feeder was created in MATLAB and the values of V1, V2 and V3 

were observed: 

 

Figure 3.2: IEEE-4 node feeder in MATLAB 

The voltages were recorded at the same points V1, V2 and V3: 

V1(amplitude Vrms ph-ph) = 10178V 

V1(line-to-line) = (10178*1.732) /1.414 = 12468V 

 

V2(amplitude Vrms ph-ph) = 10125V 

V2(line-to-line) = (1012*1.732) /1.414 = 12402V 

 

V3 (amplitude Vrms ph-ph) = 3275V 

V3 (line-to-line) = (3275*1.732) /1.414 = 4010V 

 

DEW (Distributed Engineering Workstation) 

DEW is a powerful planning tool for distributed generation. The software provides an 

interface for distribution system analysis, design and operation. 
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Features: 

� Component Immitance – calculates admittance & impedance of lines 

� Load estimation: 

- Circuit load growth 

- Line load growth factors 

- Special load (motor, co generator) measurement 

- Reserve commitment (High priority) loads 

- Future loads / forecast estimation 

 

� Power Flow Application (Network power flow, voltage regulators etc) 

� Fault Analysis (Effect of cogeneration, transformers, substation impedance etc) 

� Planning tool can be used to plan changes to the system in future 

� Using capacitors to improve power factors 

� Balancing the phases on a lateral 

� Using system switches for minimizing losses 

� Network fault analysis in case of a component failure 

 

DEW makes it easy to create a grid structure at the distribution level under substation 

voltage 115 kV and below. The major advantage of this software is that it is simple to 

apply different kind of loads (industrial / residential / commercial loads, co generator, 

induction/synchronous motor, electric car, jaw crusher etc) to the feeders. It also takes 

into account the load growth factor and can perform load flow analysis. It also allows 

forecast estimation of the future loads. A series of other analysis can be performed 

using the DEW that include the load estimation, network fault analysis, capacitor 

placement, phase balancing and reconfiguration/restoration. The program also 

presents complete reports & plots of the results analysis for all three phases. 

THE IEEE-4 node test feeder was created in DEW and the line-to-line voltages were 

observed: 
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Figure 3.3: IEEE-4 node feeder in DEW 

V1 (L-L) = 12.47 kV                     V1 (amplitude Vrms ph-ph) = 10180V 

V2 (L-L) = 12.44 kV                                V2 (amplitude Vrms ph-ph) = 10155V 

V3 (L-L) = 4.009 kV                                V3 (amplitude Vrms ph-ph) = 3273V 

 

ETAP (Electrical Transient Analyzer Program) 

ETAP is widely used commercial software that is used for design, simulation, operation, 

control, of transmission, distribution and industrial power systems. 

 

Features: 

- Allows you to add infinite buses 

- Very easy to create OLD (One Line Diagrams) – grid structure 

- Type of analysis: 

o Load Flow Analysis 

o Unbalanced load flow analysis 

o Short circuit analysis 

o Motor acceleration 

o Harmonic Analysis 

o Transient stability analysis, generator start-up analysis; the dynamic 

models include (Induction machine, synchronous machine, exciter and 

AVR, power grid, governor, power system stabilizer, mechanical load, 

SVC load, wind turbine and user defined models) 

o Optimal power flow analysis 

o Reliability assessment (SAIFI, CAIDI etc) 

o Optimal capacitor placement 

o DC load flow and short circuit analysis 

o Battery discharging & sizing 
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- Protective Devices – Star Analysis 

- GIS Map (Geographical Information System) to maintain network connectivity 

- Transformer sizing, MVA capacity & Tap optimization 

- Transmission lines (Sag, tension & ampacity) 

- Parameter estimation for synchronous & induction motor 

- ETAP real-time systems include Advanced monitoring, event playback, energy 

management system (EMS) and Intelligent load shedding (ILS) 

- ETAP provides data exchange interfaces including MS excel & access, 

AUTOCAD GGS, CSV files, IEEE format import, e-DPP interface, SmartPlant 

interface. 

The IEEE-4 node test feeder was created in ETAP, and the line-to-line voltages were 

observed at V1, V2 and V3: 

 

Figure 3.4: IEEE-4 node feeder in ETAP 

 

Table3.1: Line-to-Line Voltage Comparison of Softwares 

Voltage Node PSCAD (V) MATLAB (V) DEW (V) ETAP (V) 

V1 12470 12468 12470 12470 

V2 12412 12402 12440 12423 

V3 4008 4010 4009 4004 
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The observed values are very close within a margin of about 0-0.3%. DEW was 

chosen for this study since the software is designed for distributed generation analysis 

and is very easy to use. It was convenient to build a huge circuit like “circuit 9” in 

this software and perform the distributed generation analysis.  

 

� Voltage impact and losses  

The circuit is built in DEW (Distributed Engineering Workstation); a software that 

provides an interface for distribution system analysis, design and operation.  

The voltage analysis is divided into three scenarios: 

 

Scenario 1: Small-scale DG 

o The 3-phase DGs of various sizes (5%, 10%, 50%, 100% of the load at the 

point of DG interconnection) are installed at the lowest voltage location.  

Scenario 2: Large-scale DG 

o The 3-phase DGs of various sizes (50%, 100% of the total system load) 

are installed at a lowest voltage location.  

Scenario 3: Distributed Location  

o The 3-phase DGs of various sizes (5%, 10%, 50%, 100% of the system 

load) are distributed across 5 and 10 locations of equal length. 

 

The size of DG in terms of % load at the point of DG interconnection varies from 1 to 

20.6kW (small-scale) and in terms of % total load of the feeder from 846 to 1692kW 

(large-scale). The lowest voltage location is determined by running the power flow and 

the DG is installed at the location as shown in the figure below:  
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Figure 3.5: Lowest Voltage Location 

For each case study, the voltage values vs. distance from the substation are recorded for 

each phase and a graphical analysis is performed to study the DG penetration level and 

distributed location impacts on the voltage profile of the system. The losses of the system 

are recorded vs. distance from the substation for each phase and a graphical analysis is 

performed.  

 

In another case study, DG is installed on any one phase of the distribution circuit and the 

voltage profile of each phase is recorded. The purpose is to explore the impacts of 

installing the DG on any one phase on the voltage profiles of all phases. 

 

� Reliability 

The reliability analysis of the system is divided into two circuit configurations. One with 

no disconnects on the main line (current configuration) and the other with disconnects. 

The details can be found in Chapter 5. Furthermore, two types of DG are considered for 

the analysis, large-scale (300kW, 500kW) and small-scale (5kW). 

  

The large-scale DGs are installed as backup at 5 different locations (Lowest voltage, 

start, middle and end of circuit, and most loads) in the two different configurations. We 
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conduct 24 case studies and study location impact and how the system reliability behaves 

when a large-scale aggregated DG is installed on the main distribution line vs. several 

small-scale distributed DGs on the laterals. 

 

The reliability analysis of the system is performed on a technique based on [17]. In this 

research, four indices are used to measure the reliability of the system. The indices 

include SAIDI (System Average Interruption Duration Index), CAIDI (Customer 

Average Interruption Duration Index), ENS (Total energy not supplied) and AENS 

(Average Energy Not Supplied).  

 

The failure rate ( )sλ , average annual outage time (Us) and average outage time / repair 

time (rs) of each load point on the circuit is calculated using (1), (2) and (3): 

∑=

i

is λλ  (Failure Rate) … (1) 

∑=

i

iUs λ * ri (Average Annual Outage Time) … (2) 

rs =
∑

∑
=

i

i

i

rii

s

Us

λ

λ

λ

*
 (Average Outage Time / Repair time) … (3) 

The failure rate, repair time and outage duration for each load point can be calculated. 

The computation is based on adding the impact of the failure of each section and load 

point on the corresponding load point. For example, for load point X, the impact of the 

failure of each section and distributor is considered to compute the total failure rate, 

repair time, and outage duration using equations (1), (2) and (3) as shown in Table 3.2.   

Table3.2: Reliability calculation of load point X 

         Load Point X   

Section λλλλ(f/yr) r(hours) U(hrs/yr) 

1 0.2 4 0.8 

2 0.1 4 0.4 

. . . . 

10 0.4 4 1.6 
Distributor       

1 0.1 2 0.2 

2 0.4 2 0.8 

. . . . 

10 0.6 2 1.2 
Total … … … 
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3.5 Circuit Description 

This study uses a distribution network in Blacksburg, Virginia, as a case study as shown 

in shown in Figure 3.6. This network comprises mainly residential customers.  

 

Figure3.6: Circuit 9 of Blacksburg, VA 

3.5.1 One-line diagram 

The one-line diagram of the circuit is shown in Figure 3.7. The diagram shows the main 

3-phase 12.47KV line and the distribution laterals.  

 

Figure3.7: One-Line Diagram of Circuit 9 
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3.5.2 Load data 

The circuit 9 consists of 7200 feet of the main distribution line. The circuit comprises 117 

transformers with total capacity of 5712 KVA. The peak load used for our study is 

1692.3 KW. The circuit serves a total of 780 customers including mostly residential and a 

few commercial entities. The customers can either be on the main distribution line or the 

1-phase lateral. A detail of customer data is shown in the following table: 

Table3.3: Circuit 9 Load data 

FEEDER  

LOAD 

(KW) TYPE # OF HOUSES 

# OF 

CUSTOMERS 

Feeder 1 10.2 Residential 6 6 

Feeder 2 13.7 Residential 9 9 

Feeder 3 20.6 Residential 12 12 

Feeder 4a 33.6 Residential 40 40 

Feeder 4b 120 Residential 65 + Elementary School 67 

Feeder 5 6.9 Residential 4 4 

Feeder 6 34.4 Residential 25 25 

Feeder 7 147.3 Residential 110 + church 111 

Feeder 8 13.7 Residential 8 8 

Feeder 9 6.9 Residential 4 4 

Feeder 10a 44.5 Residential 20 townhouses 20 

Feeder 10b 54.8 Residential 25 25 

Feeder 11 48.1 Residential 1 apt complex (40) 40 

Feeder 12 20.6 Residential 1 apt complex (15) 15 

Feeder 13a 20.6 Residential 1 apt complex (15) 15 

Feeder 13b 47.8 Residential  25 + park 28 

Feeder 14 20.4  Residential 10 10 

Feeder 15 13.7  Residential 6 6 

Feeder 16a 30.8 Residential 12 12 

Feeder 16b 30.8 Residential 5 + park 8 

Feeder 17 13.7 Residential 6 6 

Feeder 18 10.2 Residential 5 5 

Feeder 19 10.2 Residential 5 5 

Feeder 20  233.1 Residential / Commercial aquatic center + high school + 40 45 

Feeder 21 78.8 Commercial / Residential 7-eleven + 1 apt complex (30) + 8 houses 39 

Feeder 22 97.2 Office / Residential 40 townhouses 40 

Feeder 23 55 Low Density Residential 25 houses 25 

Feeder 24 20.6 Low Density Residential 8  houses 8 

Feeder 25 20.6 Office / Residential 10 townhouses 10 

Feeder 26 54.9 Office / Residential 15 townhouses + church 17 

Feeder 27a 27.4 Office / Residential 10 townhouses + office 12 

Feeder 27b 178.4 Low Density Residential 40 houses + 10 townhouses 50 

Feeder 28 20.6 Low Density Residential 8 8 

Feeder 29 6.9 Low Density Residential 4 4 

Feeder 30 6.9 Low Density Residential 4 4 

Feeder 31 66.4 Low Density Residential 20 townhouses 20 
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Feeder 32 6.9 Low Density Residential 4 4 

Feeder 33a 10.2 Office / Residential 5 townhouses 5 

Feeder 33b 23.9 Low Density Residential 5 townhouses 5 

Feeder 34 13.8 Low Density Residential 3 townhouses 3 

TOTAL 

LOAD 1692.3     780 

 

The connected load specifications of the system are as follows: 

Connected Load: Phase A:     568.13 kW       

                            Phase B:     461.86 kW       

                            Phase C:     662.31 kW       

                                Total Load:   1692.30 kW      

3.5.3 Transformer Data 

The circuit has a total of 117 transformers that include 24 on overhead primary line, 12 

on underground primary line, 45 on overhead secondary line and 36 on underground 

primary line. The total capacity of the transformers is 5712 KVA. The peak load for 

circuit 9 for the month of august is 1692kW. Hence, the peak load used for our analysis is 

only about 30% of the total capacity of transformers. The type, phase and capacity for 

each transformer are shown in Table 3.4. 

Table3.4: Transformer Data 

OP = Overhead Primary UP = Underground Primary     

OS = Overhead Secondary US = Underground Secondary     

Type No# ID Size (kVA) 2-phase  3-phase 3-phase  

      Phase A Phase B Phase C scott-T Y (wye) 

D 

(delta) 

OP 1 870 37           

  2 1361     50       

  3 2412 75           

  4 1213     25       

  5 1399   75         

  6 917   37         

  7 1414   25         

  8 2396     50       

  9 1022     25       

  10 2055 50           

  11 1368 50           

  12 916     37       

  13 918       37.5     

  14 1528 25       25   
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  15 1274 25           

  16 2054   50         

  17 1658   75         

  18 876   25         

  19 1636   25         

  20 1124   25         

  21 1546   50         

  22 1287   37         

  23 1167   37         

  24 992   25         

UP-1 25 140         150   

  26 2322     25       

  27 1937         300   

UP-2 28 2310     50       

  29 2313     50       

  30 2325     50       

  31 2311     25       

UP-3 32 2317     25       

  33 2318     25       

  34 2323     50       

UP-4 35 2281         75   

  36 2241           225 

OS-1 37 2095 75           

  38 1362 50           

  39 2414     25       

OS-2 40 1102     50       

  41 1084     50       

  42 1809 75           

  43 2452 75           

  44 1114     25       

  45 1136     25       

  46 1104     50       

  47 1159     37       

  48 1085     50       

  49 1176     75       

  50 2224     75       

OS-3 51 1669     25       

  52 880     25       

OS-4 53 1225   75         

  54 1226   75         

  55 925   75         

  56 1663   37         

  57 865   50         

  58 1426   37         
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  59 951   75         

  60 2191   75         

OS-5 61 1824 50           

OS-6 62 1455 37           

  63 1601 50           

  64 1629 25           

  65 1560 50           

OS-7 66 1701 75           

  67 1222 75           

OS-8 68 1553   75         

OS-9 69 886     75       

OS-10 70 893   75         

OS-11 71 1279     75       

  72 1886 75           

OS-12 73 2308 75           

  74 2060 75           

  75 1652 50           

  76 2048 25           

  77 2413 25           

  78 2445 25           

  79 1128 37.5           

  80 1318 25           

OS-13 81 1294   15         

US-1 82 2134     50       

  83 2211     100       

US-2 84 2221     37       

  85 2372     50       

  86 2374     50       

  87 2213     37       

US-3 88 2041     37.5       

  89 2225     75       

US-4 90 2388 37.5           

  91 2392 37.5           

  92 2207 100           

US-5 93 2205   37         

  94 2340   75         

US-6 95 2234   37         

US-7 96 2038   37         

  97 1702   50         

  98 2147   75         

  99 2133   50         

  100 2138   50         

US-8 101 2451 75           

  102 2393   25         
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  103 2458   75         

US-9 104 2088 37           

  105 1915 75           

  106 1895 167           

  107 1962 75           

US-10 108 2005   50         

  109 2421   25         

US-11 110 1352 100           

US-12 111 2314     25       

  112 1816     100       

US-13 113 2293     25       

  114 2363     50       

US-14 115 1718     50       

  116 2521     50       

  117 1695     75       

  TOTAL (kW) 2015.5 1736 1960.5 37.5 550 225 

 

 

 

3.5.4 Feeder data 

The length of each section and distributor are shown in the Table 3.5 below: 

Table3.5: Length of sections & distributors 

Section Length (km)  Distributor Length (km) 

1 0.066  1 0 

2 0.066  2 0 

3 0.198  3 0 

4 0.11  4a 0.15 

- -  4b 0.96 

5 0.11  5 0 

6 0.09  6 0.13 

7 0.05  7 1.02 

8 0.1  8 0.09 

9 0.03  9 0 

10 0.04  10a 0.2 

- -  10b 0.26 

11 0.04  11 0.13 

12 0.1  12 0.06 

13 0.11  13a 0.06 

- -  13b 0.43 

14 0.08  14 0.08 

15 0.13  15 0 

16 0.04  16a 0.09 

- -  16b 0.32 
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17 0.08  17 0 

18 0.05  18 0 

19 0.11  19 0 

20 0.06  20 1.46 

21 0.06  21 0.82 

22 0.05  22 0.36 

23 0.1  23 0.27 

24 0.04  24 0.4 

25 0.04  25 0.1 

26 0.119  26 0.13 

27 0.06  27a 0.08 

- -  27b 1.5 

28 0.06  28 0 

29 0.06  29 0 

30 0.06  30 0 

31 0.06  31 0.1 

32 0.06  32 0 

33 0.21  33a 0.14 

- -  33b 0.14 

34 0.11  34 0.1 
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CHAPTER 4 

VOLTAGE IMPACT AND LOSSES  

4.1 Introduction 

The distributed generation (DG) impact on system voltage is of critical importance. In a 

traditional distribution network, Load Tap transformers (LTC) are used to regulate the 

radial distribution circuits at substations. The line regulators at feeders and switched 

capacitor banks are also used to regulate voltage. The introduction of DG on a residential 

distribution network can interfere with the standard regulations.  This section explores the 

impacts of injecting real power from the DG on a residential distribution network. 

Several case studies have been conducted to illustrate how different levels of DG 

penetration can impact voltage profile and losses of a residential distribution network of 

interest.  

 

4.2 The Distribution Circuit and DEW 

For performing the voltage and loss analysis, the circuit was built using DEW 

(Distributed Engineering Software); a software that provides an interface for distribution 

system analysis, design and operation. A part of the circuit is shown in Figure 4.1; the 

solid blue line indicates the main distribution feeder while the dotted lines are the 1-phase 

laterals. 
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Figure 4.1: A view of Circuit 9 in DEW (Distributed Engineering Workstation) 

The voltage is measured at 8 equally distributed points from the main substation along 

the main distribution line. The voltage drops as the distance from the substation increases 

depending on the concentration of loads on each phase. The voltage on phase A drops 

from 7.2 kV to 7.169kV (0.44%), on phase B from 7.2kV to 7.181kV (0.26%) and on 

phase C from 7.2kV to 7.151kV (0.68%) as shown in Figure 4.2.  

 

 

Figure 4.2: Voltage vs. Distance (Base Case) 
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The voltages on phases A, B and C in the base case (No DG) at each of these points are 

summarized in the Table 4.1: 

Table 4.1: Base Case Voltages 

 

DISTANCE 

(1000ft) 

VOLTAGE 

MAG kV (A) 

VOLTAGE 

(MAG) kV (B) 

VOLTAGE 

(MAG) kV (C ) 

0.36 7.197 7.198 7.196 

1.36 7.191 7.192 7.187 

2.36 7.183 7.189 7.179 

3.36 7.178 7.188 7.171 

4.36 7.172 7.186 7.165 

5.36 7.169 7.184 7.159 

6.36 7.168 7.182 7.154 

7.36 7.169 7.181 7.151 

 

4.3 Scenario Description 

Twelve case studies have been conducted, which can be classified into three scenarios to 

illustrate the impact of size and distributed nature of DG to be installed. Scenarios 1 and 

2 illustrate the impact of various DG sizes while Scenario 3 illustrates the impact of 

distributing the DG at several locations on the voltage profile and losses of the system. 

 

� SCENARIO 1: The installation of a small-scale DG of various sizes at the lowest 

voltage location on the main feeder: 

 

1a) DG size: 5% of the distribution transformer load  

1b) DG size: 10% of the distribution transformer load 

1c) DG size: 50% of the distribution transformer load  

1d) DG size: 100% of the distribution transformer load 

 

The lowest voltage location is determined by running the power flow. At the lowest 

voltage location as shown in Figure 4.3 in the distribution circuit of interest, the size of 

the distribution transformer is 75kVA. The load of this transformer is 20.6kW. Therefore, 

the sizes of DG to be installed at this location are: 1.03kW (5%), 2.06kW (10%), 10.3kW 

(50%) and 20.6kW (100%). 
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Figure 4.3: Lowest voltage location 

� SCENARIO 2: The installation of a large-scale DG of various sizes at the lowest 

voltage location on the main feeder:  

 

2a) DG size: 50% of the total feeder load 

2b) DG size: 100% of the total feeder load 

 

The total load of the feeder is 1692 kW. Therefore, in this scenario, the DG size would be 

846kW (50%) and 1692kW (100%). 

 

� SCENARIO 3: Distributing DGs of the same size at across 5 and 10 locations of 

equal length on the distribution feeder: 

 

3a) 5 DGs: each of size 169.2kW (50% of total feeder load) 

                        3b) 5 DGs: each of size 338.4kW (100% of total feeder load) 
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                        3c) 10 DGs: each of size 84.6kW (50% of total feeder load) 

                        3d) 10 DGs: each of size 169.2kW (100% of total feeder load) 

 

In this scenario, two DG sizes (50% and 100% of the total feeder load) are distributed 

across 5 and 10 locations of equal length as shown in Figure 4.4 to study the impact of 

distributed the DG at several locations on the voltage and losses of the system.  

 

Figure 4.4: Distributed Locations 

A detailed description of real power injected in each case as well as the total system load 

is shown in Table 4.2. Since, the DG acts as negative load, the system load decreases as 

the DG size is increased. 

Table 4.2: Case Studies details 

      System Load   

Case # Real Power injected (KW)  (KVAR) (KVA) 

Base None 1692.3 548.74 1779.04 

1a 1.03 KW  1689.2 548.74 1776.1 

1b 2.06 KW  1686.1 548.74 1771.7 

1c 10.3 KW  1661.4 548.74 1749.7 
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1d 20.6 KW  1630.5 548.74 1719.9 

2a 846 KW  846.3 548.74 1008.63 

2b 1692 KW  0 548.74 548.74 

3a 169.2 KW * 5 locations 846.3 548.74 1008.63 

3b 338.4 KW * 5 locations 0 548.74 548.74 

3c 84.6 KW * 10 locations 846.3 548.74 1008.63 

3d 169.2 KW * 10 locations 0 548.74 548.74 

 

4.4 Voltage Analysis 

4.4.1 Scenario 1: Small-scale DGs 

As a small-scale DG injects real power at the point of DG installation, the distribution 

system voltage improves slightly. The voltage improvement on phase A can be seen 

graphically in Figure 4.5. Similar characteristics are recorded on phase B and C. The size 

of DG in this case varies from 1kW to 20.6 kW on each phase.  

 

 

Figure 4.5: Scenario 1, Voltage Profile comparison of phase A 

In this scenario, since the size of the DG is very small, the voltage impact is insignificant. 

Installing a 100% DG (20.6kW) causes slight increase in the phase A voltage (less than 

0.1%) from the base case (NO DG).  
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4.4.2 Scenario 2: Large-scale DG 

As a large-scale DG injects real power at the point of DG installation, the distribution 

system voltage improves slightly. The size of the DG is ranged from 846 kW to 1692kW. 

The voltage improvement on phase A can be seen graphically in Figure 4.6. Similar 

characteristics are recorded on phase B and C (not shown).  

 

Figure 4.6: Scenario 2, Voltage Profile comparison of phase A  

Installing a large-scale DG doesn’t make any significant changes to the voltage. The 

overall voltage profile of the system is maintained and installing a DG of size 100% 

(1692kW) improves the voltage on phase A by only about 0.2% and no over-voltages 

occur. It is also observed that the voltage profiles of 50% total feeder load (846kW) is 

almost the same as the voltage profile of 100% feeder load (1692kW). This is due to the 

small size of the load on phase A, injecting more power from DG will not impact the 

voltage profile. Similar results are observed for phase B and C (not shown), for example, 

in case of phase C, the voltage at the end of the line improves from 7.151kV to 7.163kV 

(<0.2%). 
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� Result Comparison: Scenarios 1 & 2 (Size Impact) 

As the penetration level of DG installed on the system is increased, the voltage impact is 

minimal and overall voltage profile is maintained. Increasing the size in terms of load at 

the point of DG installation does not have any impact on the voltage profile and even 

when the DG is added in terms of total system load, the overall voltage increases by only 

up to 0.2%. The voltage profiles of 50% and 100% of the total feeder load DGs are about 

the same on Phase A due to the small size of connected load to the phase. Figure 4.7 

shows the voltage comparison for phase A as we increase the DG size from 5% to 100% 

in terms of load at the point of DG installation (1-20kW) and also, as we increase the size 

from 50-100% in terms of total system load (846-1692kW). Similar characteristics are 

recorded for phase B and C (not shown). As the DG size is increased from 1kW to 

1692kW (the total system load), the overall voltage increases by only 0.2% and no over-

voltages occur on the system. 
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Figure 4.7: Size impact of DG (Phase A) 
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4.4.3 Scenario 3: Distributed Location Impact 

In this scenario, DGs of size 50% and 100% of the total feeder load (846kW-1692kW) 

are distributed across 5 and 10 locations. Distributing the DG from an aggregated 

location (lowest voltage) to 5 and 10 locations of equal lengths can make a positive 

difference to the voltage profile depending on the location and concentration of the loads. 

The voltage profiles for phase A when various DG sizes are distributed 5and 10 locations 

are shown in Figure 4.8. 
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Figure 4.8: Scenario 3: Distributed Location Impact (Phase A) 

It is observed from Figure 4.8 that in case of phase A, 50% of DG insertion produces the 

best results when distributed across 5 locations, while 100% injection also has the best 

impact when injected at 5 distributed locations.  

 

� Summary 

The lowest voltages on each phase in all 12 cases are summarized in the Table 4.3. The 

overall voltage of the system is maintained and improves slightly as the DG size 

increases. However, no over-voltages occur.  
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Table 4.3: Lowest Voltage Analysis 

CASE 

Voltage (A) 

kV 

Voltage (B) 

kV 

Voltage(C) 

kV 

Base Case 7.167 7.181 7.15 

    

5% of load at point of DG Installation 7.166 7.181 7.151 

10% of load at point of DG Installation 7.167 7.181 7.151 

50% of load at point of DG Installation 7.167 7.182 7.151 

100% of load at point of DG Installation 7.169 7.182 7.152 

    

     

50% of Total System load at point of DG installation  7.181 7.192 7.163 

100% of Total System load at point of DG installation 7.194 7.196 7.173 

     

50% of Total System load at 5 distributed locations 7.181 7.192 7.163 

100% of Total System load at 5 distributed locations 7.192 7.196 7.171 

    

50% of Total System load at 10 distributed locations 7.179 7.19 7.159 

100% of Total System load at 10 distributed locations  7.191 7.198 7.168 

 

4.5 System Loss Analysis 

4.5.1 Scenario 1: Small-scale DG  

In this scenario, the small-scale DG (1-20.6kW) injects real power at the lowest voltage 

locations and the system losses decrease. Due to the small size of DG, the impact is small 

as shown in Figure 4.9.  
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Figure 4.9: Scenario 1: Loss Analysis 

As shown in the graph, the system losses decrease from 37.63kVA to 36.87kVA (2%) as 

we install a DG of size 100% load (20.6kW) at the lowest voltage location.   

4.5.2 Scenario 2: Large-scale DG 

In this scenario, the large scale DG (846-1692kW) injects real power at the lowest 

voltage location and the systems losses reduce significantly. The results for different load 

penetrations are graphically shown in Figure 4.10. 

 

 

Figure 4.10: Scenario 2: Loss Analysis 

As shown in the graph, when DG of size 50% of total feeder load (846kW) is installed, 

the systems losses reduce significantly from 37.63kVA to 31.15kVA (17%). It is also 

observed that installing a 50% DG i.e. (846KW) causes more reduction of losses than 

adding 100% DG i.e. (1692KW).This shows that the total losses vary when the DG 

output changes as shown in Figure 4.11 
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LOSS ANALYSIS
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Figure 4.11: Minimum Losses 

The graph shows that the minimum losses occur when the DG output is about 1200kW. 

Therefore, the minimum losses occur at different DG output based on the unbalanced 

characteristics of the system. 

4.5.3 Scenario 3: Distributed Location Impact 

In this scenario, the large-scale DG is distributed to 5 and 10 locations of equal length to 

study the impacts of distributing DG to several locations. Distributing the aggregated DG 

to 5 and 10 locations can reduces the losses as shown in Figure 4.12. 

 

Figure 4.12: Scenario 3: Loss Analysis 
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It is observed from the graph that distributing the 100% DG (1692kW) at 10 locations 

can reduce the losses significantly instead of installing an aggregated DG at one location. 

In this case, the losses reduce from 37.63kVA to 30.57kVA (18.71%). 

 

� Summary / Results 

The system losses for each case are shown in the Table 4.4. 

Table 4.4: System Loss comparison 

CASE KW  KVAR  KVA 

      

BASE CASE 12.57 35.46 37.63 

5% of  load at point of DG installation 12.56 35.43 37.59 

10% of  load at point of DG installation 12.55 35.39 37.55 

50% of  load at point of DG installation 12.44 35.11 37.24 

100% of  load at point of DG installation 10.06 35.47 36.87 

      

      

50% of  total feeder load at point of DG installation 10.27 29.4 31.15 

100% of  total feeder load at point of DG installation 10.92 31.08 32.95 

      

50% of total feeder load at 5 distributed locations 10.24 29.33 31.07 

100% of total feeder load at 5 distributed locations 10.81 30.76 32.61 

      

50% of total feeder load at 10 distributed locations 10.22 29.28 31.01 

100% of total feeder load at 10 distributed locations 10.09 28.85 30.57 

 

� The power factor is calculated at the load level and will remain the same 

regardless of DG installation.  

4.6 Impact of installing DG on one phase 

In this case study, a 500kW DG is installed on one phase at a time. The voltage profile 

for each phase for all three cases is then examined.  

 

CASE 1: 500 kW DG installed on Phase A 

CASE 2: 500 kW DG installed on Phase B 

CASE 3: 500 kW DG installed on Phase C 
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Let’s take a look at the voltage profile comparison for each phase in comparison to the 

base case: 
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Figure 4.13: Voltage impact of installing DG on one phase  

Let’s examine each of these cases in more detail. In the first case, when a 500kW DG is 

installed on phase A, the voltage improves on phase A by up to 0.5%, while on phase B, 

the voltage decreases by up to 0.7%. Also, on phase C, the voltage improves by about 

0.3%. Similarly, in case 2, when a 500kW DG is installed on phase B, the voltage on 

phase A improves up to 0.4%, the voltage on phase B improves by up to 0.5% while the 

voltage on phase C deteriorates by about 0.6%. And finally, when a 500kW DG is 

installed on phase C, the voltage on phase A deteriorates up to 0.5%, the voltage on phase 

B improves by up to 0.4% and the voltage on phase C improves by up to 0.5%. The 

results are summarized in the Table 4.5. 

Table 4.5: Voltage impact of DG on one phase 

VOLTAGE IMPACT ON EACH PHASE 

CASE Phase A Phase B Phase C 

500 KW – Phase A Improves Deteriorates Improves 

500 KW – Phase B Improves Improves Deteriorates 

500 KW – Phase C Deteriorates Improves Improves 
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Similar behavior was observed when a 500kW DG was installed on any one phase of the 

IEEE 4-node test feeder. 

 

Figure 4.14: IEEE 4-node test feeder 

 

The results are summarized in Table 4.6. 

Table 4.6: IEEE 4 node test feeder voltage analysis 

IEEE-4 Voltage at Node 4 

CASE Phase A Phase B Phase C 

NO DG 1919.4 2053.8 1985.9 

500 KW on Phase A 2050.4 1963.1 2010.8 

500 KW on Phase B 1956.3 2163 1931.1 

500 KW on Phase C 1851.3 2082.7 2106.6 

 

IEEE-4 Voltage at Node 4 

CASE Phase A Phase B Phase C 

500 KW on Phase A Improves Deteriorates Improves 

500 KW on Phase B Improves Improves Deteriorates 

500 KW on Phase C Deteriorates Improves Improves 

 

 

Therefore, this behavior is due to the unbalanced characteristic of the distribution feeder 

as a result of mutual impedance between the phases. 
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CHAPTER 5 

RELIABILITY 

5.1 Reliability Indices 

Reliability analysis is a very important factor in power system planning. The distributed 

generation (DG) can have a positive impact on the system’s reliability. The distributed 

generation (DG) installed as backup generation can reduce the number of customers 

affected by the outage, hence improving the reliability indices. Several indices used to 

measure the performance of system in this study include: 

 

i) SAIDI 

SAIDI (System Average Interruption Duration Index) is calculated by dividing the sum 

of total customer interruption durations per year and the total number of customers: 

 

=SAIDI  Sum of customer interruption durations / total number of customers 

(hours/customer year) 

 

ii) CAIDI 

      CAIDI (Customer Average Interruption Duration Index) differs from SAIDI only in 

the value of denominator and is calculated by dividing the sum of total customer 

interruption durations per year and the total number of customers affected. During a year, 

some customers may not be affected at all.  

 

=CAIDI  Sum of customer interruption durations / total number of customers interrupted 

(hours/customer interruption) 

 

iii) ENS 

The ENS (Total energy not supplied) is the sum of each load times its outage duration: 

 

))/((*))(( yrhrtionOutageDuraUKWLoadLENS ∑=  (kWh/yr) 
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iv) AENS 

AENS (Average Energy Not Supplied) can be calculated by dividing the ENS and the 

total number of customers: 

 

=AENS Total Energy not supplied / Number of customers (kWh/customer yr) 

 

Note: A customer here is defined as an electric meter, which can be an individual 

customer, a commercial entity or organization etc.  

5.2 System Description 

As mentioned in section 3.4, the circuit 9 consists of 7200 feet of the main distribution 

feeder. The circuit comprises of 117 transformers with total capacity of 5712 KVA. The 

peak load used for our study is 1692 kW. It serves a total of 780 customers including 

mostly residential and a few commercial entities. The customers can either be on the 

main distribution line or the 1-phase lateral.  

 

The circuit is fed by 12.47kV substation termed as ‘Blacksburg Substation’. The circuit 

can be divided into sections and distributor laterals as shown in Figure 5.1. Each 

distributor lateral is considered as one load point. Each load connected to the main 

distribution line is also considered as one load point.  

 

Figure 5.1: Sections, Load points/Distributor laterals 
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The Figure 5.2 shows a simple radial system with protection fuses on the laterals, which 

is the current configuration of the circuit. In this case there are no disconnects on the 

main line and if any section on the main distribution line fails; it would result in power 

outage for all the distributor laterals. 

 

 

 

Figure 5.2: Simple radial system with no disconnects on the main line 

Installing a DG in this configuration will not impact the reliability of the circuit since 

there are no disconnects on the main line and any section failure cannot be isolated. 

Therefore, we added disconnects on the main distribution line so that the failed section 

can be isolated and the rest of the loads can be supplied by the substation and DG. Figure 

5.3 shows the same circuit with disconnects on the main line. This configuration 

significantly improves the reliability of the system (to be discussed in section 5.6.3). 

 

 

Figure 5.3: Simple radial system with disconnects on the main line 

The system consists of a total of 34 sections and 40 laterals. Each lateral was assumed to 

be one load point. Therefore, the system consists of a 40 load points including 13 load 

points connected directly to the main distribution line as shown in Figure 5.4. Also, some 

sections have multiple load points, for example, load point 1a and 1b. 
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Figure 5.4: Load points & Section view of the system 

The distributed Generation (DG) to be installed on our circuit has been divided into two 

types: 

a) Large-scale DG (300KW or 500KW) 

b) Small-scale DG (5KW each) 

 

The large-scale DG will be installed on the main distribution line, while the small-scale 

DGs will be installed on the 1-phase lateral as shown in Figure 5.5. The DGs will be used 

as backup generators. 

 

Figure 5.5: Large-scale and Small-scale DGs 

5.3 Assumptions 

o The disconnects, transformers and fuses are assumed to be 100% available, 

however the DG’s failure rate is assumed to be 10%. 

 

o The failure rate for the sections on the main distribution line is assumed to be 0.1 

f/km yr while on the distributed laterals is assumed to be 0.2 f/km yr. The total 
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isolation and switching time is 2 minutes for DG. Using this data and the length, 

the failure rate of each section and lateral were evaluated. 

 

o The repair time for each section is 4 hours while for each distributor lateral is 2 

hours. 

 

o Each lateral was assumed to be one load point. 

5.4 Base Case Reliability Analysis 

In the normal configuration of the circuit, there are no disconnects on the main line. The 

only protections are the fuses that connect the sections and the distributor laterals as 

shown in Figure 5.1 and Figure 5.2. Hence, any fault on the main line will require the 

system to be isolated from the main breaker.  

The reliability of each load point can be calculated by considering the impact of each 

section and load point on the corresponding load point. Let us examine the reliability 

calculation of Load point “Lp4a”. The reliability evaluation for load point 4a can be 

divided into two parts; sections and distributors as shown in Table 5.1. 

Table 5.1: Reliability calculation of Lp4a 

(a) Impact of section failure                              (b) Impact of lateral failure 

Component 

Failure 

 

λ(f/yr) 

R 

(hours) U(Hours/yr) 

 

Component 

Failure 

 

 

λ (f/yr) 

r 

(hours) U(Hours/yr) 

Section        Distributor    

1 0.0066 4 0.0264  1     

2 0.0066 4 0.0264  2     

3 0.0198 4 0.0792  3 0.03 2 0.06 

4 0.011 4 0.044  4a     

5 0.011 4 0.044  4b     

6 0.009 4 0.036  5     

7 0.005 4 0.02  6     

8 0.01 4 0.04  7     

. . . .  8 . . .  

. . . .  . . . .  

. . . .  . . .  . 

30 0.006 4 0.024  .     

31 0.006 4 0.024  32     

32 0.006 4 0.024  33a     

33 0.021 4 0.084  33b     

34 0.011 4 0.044  34    
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First, the impact of each section failure on the load point’s reliability is considered. Any 

section failure will result in power outage for the load point since there are no 

disconnects on the main distribution line. The repair time “ri” (hours) for each section is 

4 hours. Using the length of the section, its failure rate λι (f/yr) is determined. Using the 

failure rate and repair time, the outage duration “Ui” (hours/yr) = ri x λι  for each 

component. 

  

Secondly, the impact of each distributor lateral’s failure on the load point is considered. 

Since, each lateral is connected to the main line through fuse; a fault on any lateral will 

have no impact on the reliability of load point 4a since the fuse will isolate the lateral 

during fault. However, if there is a fault on the load point 4a itself, its reliability impact 

will be added. The repair time for each lateral is 2 hours. The failure rate λ can be 

determined using the length of the lateral. And using the failure rate and repair time, the 

outage duration “U” (hours/yr) for the load point can be determined using Eq. (2). 

 

Adding the impact of each section and lateral, the average failure rate λ , average repair 

time r, and average outage duration U for the load point 4a can be calculated using (1), 

(2) and (3): 

∑=

i

is λλ  (Failure Rate) … (1) 

∑=

i

iUs λ * ri (Average Annual Outage Time) … (2) 

rs =
∑

∑
=

i

i

i

rii

s

Us

λ

λ

λ

*
 (Average Outage Time / Repair time) … (3) 

 

Similarly, these parameters for other load points were calculated as shown in the Table 

5.2. Using these parameters, the reliability indices for the circuit 9 were determined.  
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Table 5.2: Reliability of each load point 

Load 

Point Failure  Repair Outage Load # of       

  Rate Time Duration   Customers       

#  λλλλ (f/yr) r (hours) U (hr/yr)_ KW N λλλλ* Ni Ui * Ni Li*Ui 

Lp1 0.2749 4 1.0996 10.2 6 1.6494 6.5976 11.21592 

Lp2 0.2749 4 1.0996 13.7 9 2.4741 9.8964 15.06452 

Lp3 0.2749 4 1.0996 20.6 12 3.2988 13.1952 22.65176 

Lp4a 0.3049 3.803214 1.1596 33.6 40 12.196 46.384 38.96256 

Lp4b 0.4669 3.177554 1.4836 120 67 31.2823 99.4012 178.032 

Lp5 0.2749 4 1.0996 6.9 4 1.0996 4.3984 7.58724 

Lp6 0.3009 3.827185 1.1516 34.4 25 7.5225 28.79 39.61504 

Lp7 0.4789 3.148048 1.5076 147.3 111 53.1579 167.3436 222.0695 

Lp8 0.2929 3.877091 1.1356 13.7 8 2.3432 9.0848 15.55772 

Lp9 0.2749 4 1.0996 6.9 4 1.0996 4.3984 7.58724 

Lp10a 0.3149 3.745951 1.1796 44.5 20 6.298 23.592 52.4922 

Lp10b 0.3269 3.68186 1.2036 54.8 25 8.1725 30.09 65.95728 

Lp11 0.3009 3.827185 1.1516 48.1 40 12.036 46.064 55.39196 

Lp12 0.2869 3.916347 1.1236 20.6 15 4.3035 16.854 23.14616 

Lp13a 0.2869 3.916347 1.1236 20.6 15 4.3035 16.854 23.14616 

Lp13b 0.3609 3.523414 1.2716 47.8 28 10.1052 35.6048 60.78248 

Lp14 0.2909 3.889997 1.1316 20.4 10 2.909 11.316 23.08464 

Lp15 0.2749 4 1.0996 13.7 6 1.6494 6.5976 15.06452 

Lp16a 0.2929 3.877091 1.1356 30.8 12 3.5148 13.6272 34.97648 

Lp16b 0.3389 3.622307 1.2276 30.8 8 2.7112 9.8208 37.81008 

Lp17 0.2749 4 1.0996 13.7 6 1.6494 6.5976 15.06452 

Lp18 0.2749 4 1.0996 10.2 5 1.3745 5.498 11.21592 

Lp19 0.2749 4 1.0996 10.2 5 1.3745 5.498 11.21592 

Lp20 0.5669 2.969836 1.6836 233.1 45 25.5105 75.762 392.4472 

Lp21 0.4389 3.252677 1.4276 78.8 39 17.1171 55.6764 112.4949 

Lp22 0.3469 3.584895 1.2436 97.2 40 13.876 49.744 120.8779 

Lp23 0.3289 3.671633 1.2076 55 25 8.2225 30.19 66.418 

Lp24 0.3549 3.549169 1.2596 20.6 8 2.8392 10.0768 25.94776 

Lp25 0.2949 3.864361 1.1396 20.6 10 2.949 11.396 23.47576 

Lp26 0.3009 3.827185 1.1516 54.9 17 5.1153 19.5772 63.22284 

Lp27a 0.2909 3.889997 1.1316 27.4 12 3.4908 13.5792 31.00584 

Lp27b 0.5749 2.95634 1.6996 178.4 50 28.745 84.98 303.2086 

Lp28 0.2749 4 1.0996 20.6 8 2.1992 8.7968 22.65176 

Lp29 0.2749 4 1.0996 6.9 4 1.0996 4.3984 7.58724 

Lp30 0.2749 4 1.0996 6.9 4 1.0996 4.3984 7.58724 

Lp31 0.2949 3.864361 1.1396 66.4 20 5.898 22.792 75.66944 

Lp32 0.2749 4 1.0996 6.9 4 1.0996 4.3984 7.58724 

Lp33a 0.3029 3.815121 1.1556 10.2 5 1.5145 5.778 11.78712 

Lp33b 0.3029 3.815121 1.1556 23.9 5 1.5145 5.778 27.61884 

Lp34 0.2949 3.864361 1.1396 13.8 3 0.8847 3.4188 15.72648 

        SUM: 780 299.7 1028.244 2303.006 
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Using the data from the above table, the reliability indices can be calculated as: 

SAIDI = 
Ni

NiUi

∑

∑ *
= Sum of customer interruption durations / total number of customers 

                             = 1028.244 / 780 = 1.138262 hours / customer yr 

CAIDI = 
Nii

NiUi

*

*

λ∑

∑
= Sum of customer int. durations / total # of customers interrupted 

                                        = 1028.244 / 299.7 = 3.43091 hours / customer interruptions 

ENS = UiLi *∑  = 2303.016 KWh /yr 

AENS = 
Ni

UiLi

∑

∑ *
= Total Energy not supplied / Number of customers 

                                       = 2303.016 / 780 = 2.952572 kWh / customer yr 

SAIDI 1.138262 hours / customer yr 

CAIDI 3.43091 hours / customer interruptions  

ENS 2303.016 kWh /yr 

AENS 2.952572 kWh / customer yr 

 

Therefore, in the base case (NO DG); SAIDI is 1.1382 hrs/customer yr suggesting that 

system’s average interruption duration for each customer is 1.1382 hrs during a year. 

Also, CAIDI is 3.4309 hrs/ customer interruption, suggesting average interruption 

duration for the customers that experience interruptions is 3.4309 hrs during a year.  

Also, the ENS (energy not supplied) for the system due to failures is 2303.016 kWh/yr. 

And finally, the Energy not supplied per customer is 2.9525 kWh during a year. In the 

next sections, it will be observed that how these indices are impacted by the installation 

of DG and disconnects. 
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5.5 Scenario Description 

The case studies performed analyze the impact of different DG sizes, locations, 

aggregated large-scale vs. distributed small-scale DGs on the reliability indices of the 

system. Additional analyses include the impact of reliability vs. distance of DG from the 

substation. The case studies performed for this analysis are shown in the table 5.3: 

Table 5.3: Reliability case studies 

Case Study # 

Disconnects on 

main-line DG TYPE DG SIZE (KW) Location 

1 NO Large-scale 300 A 

2 NO Large-scale 300 B 

3 NO Large-scale 300 C 

4 NO Large-scale 300 D 

5 NO Large-scale 300 E 

6 NO Large-scale 500 A 

7 NO Large-scale 500 B 

8 NO Large-scale 500 C 

9 NO Large-scale 500 D 

10 NO Large-scale 500 E 

11 YES Large-scale 300 A 

12 YES Large-scale 300 B 

13 YES Large-scale 300 C 

14 YES Large-scale 300 D 

15 YES Large-scale 300 E 

16 YES Large-scale 500 A 

17 YES Large-scale 500 B 

18 YES Large-scale 500 C 

19 YES Large-scale 500 D 

20 YES Large-scale 500 E 

          

21 NO Small-scale 8% Penetration Distributed 

22 NO Small-scale 13% Penetration Distributed 

23 YES Small-scale 8% Penetration Distributed 

24 YES Small-scale 13% Penetration Distributed 

 

Cases 1-10, 21-22: Perform on original circuit without disconnects 

Cases 1-5: 300kW, installed at locations A, B, C, D, E (to be discussed below) 

Cases 5-10: 500kW, installed at locations A, B, C, D, E  

Cases 21: 60, 5kW DGs installed at distributed locations 

Cases 22: 100, 5kW DGs installed at distributed locations 

NOTE:  8% Penetration: 0.08*780 = 60 * 5KW DG each = 300KW 

  13% Penetration: 0.13*780 = 100 * 5KW DG each = 500KW 
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Cases 11-20: Perform on a modified circuit with disconnects 

Cases 11-15: 300kW, installed at locations A, B, C, D, E  

Cases 16-20: 500kW, installed at locations A, B, C, D, E 

Cases 23: 60, 5kW DGs installed at distributed locations 

Cases 24: 100, 5kW DGs installed at distributed locations 

The locations can be graphically seen in the Figure 5.6: 

 

 

Figure 5.6: Locations for reliability analysis 

Where; 

Location A Lowest Voltage 

Location B Start of the circuit  

Location C Middle of the circuit  

Location D End of the circuit  

Location E Most Load 

 

� Analysis 

1) By comparing cases 1-20, the impact of installing different DG size (300kW and 

500kW) on the main distribution line with and without disconnects is explored.  

2) Also, by comparing cases 1-20, a location analysis is performed to determine the 

best location for the placement of DG in terms of reliability indices.  
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3) By comparing cases 1-24, an analysis is performed to compare aggregated large-

scale DG at various locations vs. distributed small-scale DGs.  

4) Additional analyses include studying the impact of distance of DG installation 

from the substation on the reliability indices of the system. 

5) Also, an analysis is performed to compare reliability indices when aggregated DG 

(1x300kW) and distributed DGs (2x150kW, 3*100kW, 4*75kW and 5*60kW) 

are installed. 

6) Finally, an analysis is performed to compare reliability indices when aggregated 

DG (1x300kW) and distributed DGs (2x150kW) are installed at a location. 

5.6 Reliability Indices Results (Case Studies 1-24) 

5.6.1 Cases 1-10 

Circuit Configuration: No disconnects on the main distribution line  

DG TYPE & SIZE: Large-scale, 300KW and 500KW as backup generators 

 

Locations: A, B, C, D & E 

Installing a DG in these cases will have no effect on the reliability of the system. Since in 

the current configuration, there are no disconnects on the main line, a fault anywhere on 

the main line will require the main circuit breaker to open resulting in outage for all 

customers. In case of a fault on the main line, all load points will isolate themselves from 

the main line through the lateral protection. Therefore, the DG will not play any role in 

improving the system reliability and the indices are equal to the base case (NO DG). 

SAIDI 1.138262 hours / customer yr 

CAIDI 3.43091 hours / customer interruptions  

ENS 2303.016 kWh /yr 

AENS 2.952572 kWh / customer yr 

5.6.2 Case Study 11 

Circuit Configuration: With Disconnects on the main distribution line  

DG TYPE & SIZE: Large-scale, 300KW as backup generator 

Location A: Lowest Voltage 
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In this case, a 300KW DG is inserted at the location A i.e. the lowest voltage location at 

Section 28 as shown in the Figure 5.7: 

 

Figure 5.7: DG at Location A 

Since the main line has disconnects, any location on the upstream side of the fault won’t 

be affected by it. For example, if the main line’s section 15 fails, sections 1-14 will be 

protected from the fault using the disconnects and will have a continuous power supply 

from the substation. The total isolation and switching time is assumed to be 2 minutes. 

Let’s examine the reliability calculation of load point 4a in this case as shown in Table 

5.4. 

Table 5.4: Case 11: Reliability calculation for Lp4a 

Component         Distributor λ(f/yr) r(hours) U(hours/yr) 

Failure                

Section λ(f/yr) r(hours) U(hours/yr)   1       

1 0.0066 4 0.0264   2       

2 0.0066 4 0.0264   3       

3 0.0198 4 0.0792   4a 0.03 2 0.06 

4 0.011 4 0.044   4b       

5 0.011 0.033 0.000363   5       

6 0.009 0.033 0.000297   6       

7 0.005 0.033 0.000165   7       

8 0.01 0.033 0.00033   8       

. . . .   . . . .  

. . . .   . . . .  

. . . .   . . .  . 

30 0.006 0.033 0.000198   32       

31 0.006 0.033 0.000198   33a       

32 0.006 0.033 0.000198   33b       

33 0.0208 0.033 0.0006864   34       

34 0.0105 0.5 0.0003465   Total 0.3042 0.80078 0.24359 
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The isolation and switching time is considered to be 2 minutes. If there is a failure before 

section 5, it will take the 4 hours to restore power to load point 4a, since the failed section 

will need to be fixed.  

 

The DG is installed at section 28. In case of a failure on the main-line sections 1- 27, the 

DG will supply power to the load point 28 and further downstream loads in an islanded 

mode. After covering the downstream loads, the DG supplies the rest of the power to the 

upstream loads. 

 

 

Figure 5.8: DG at Lowest voltage location 

 

As indicated by the blue arrow in the figure above, when required, the DG first sends 

power to the downstream loads. The green arrow indicates the remaining DG power 

being sent to the upstream loads. 

 

The 300kW DG covers all loads from Load Points 28 to 34; hence for each of the load 

point, if a failure occurs anywhere on the main line upstream of DG or section 28, the DG 

will supply power to the loads downstream. If however, section 28 fails, where the DG is 

placed, we will lose the backup supply. For each load point between section 28 and 34, if 

there is a section failure upstream anywhere until section 28 (where the DG is placed), it 

will halt the backup power supply to the load point. For example, for load point 30, if a 

failure occurs between sections 28-30, it will cut off power supply to the load point since 

the section will need to be isolated. 

 

After supplying the downstream loads, the DG still has 145 kW of power left to supply 

the upstream loads. According to the current load distribution of circuit 9, the excess 



 66 

power can cover 81% of the 178.4 KW on load point 27b (Refer to Table 5.2). The repair 

time can be calculated as: 

 

Outage time = (Outage Time | transfer) * P(of transfer) + (Outage Time | no transfer) * 

P(of no transfer) 

 

Outage time = (0.5*0.81) + (4*0.19) = 1.168 

 

However, the DG’s failure rate is 10%, hence the outage time for the load point is: 

 

Outage time = [DG available](1.168*0.9)+[DG fails](4*0.1) = 1.451 

 

Hence, if any of the sections 1-27a fails, the DG will supply power to 81% loads on load 

point 27b. Therefore, the repair time will be reduced from 4 hours to 1.451 hours.  

 

The reliability indices for this case can be seen in the table below: 

 

SAIDI 0.623467 hours / customer yr 

CAIDI 1.6256 hours / customer interruptions 

ENS 1194.248 KWh /yr 

AENS 1.531 kWh / customer yr 

 

5.6.3 Case Study 12 

Circuit Configuration: With disconnects on the main distribution line  

DG TYPE & SIZE: Large-scale, 300KW as backup generators 

 

Location B: Start of the circuit 

 

Adding a distributed generation (DG) at the start of the circuit will have no effect on the 

reliability of the system since the DG will just act as an additional source to the system. 

However, in case of power interruption from the main substation, the DG can be used to 

supply power to the system, hence increasing its reliability.  
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SAIDI 0.71344 hours / customer yr 

CAIDI 1.86020 hours / customer interruptions 

ENS 1419.190 KWh /yr 

AENS 1.8194 kWh / customer yr 

 

These indices differ from case 1-10 since in this case, disconnects are added to the main 

distribution line. The indices show significant improvement due to the addition of 

disconnects; SAIDI from 1.3182 hrs/customer yr to 0.71344 hrs/customer yr (46%), 

CAIDI from 3.4309 hrs/customer interruption to 1.8602 hrs/customer interruption (46%) 

and ENS from 2303 kWh/yr to 1419.19 kWh/yr (38%). 

5.6.4 Case Study 13 

Circuit Configuration: With disconnects on the main distribution line  

DG TYPE & SIZE: Large-scale, 300KW as backup generators 

Location C: Middle of the circuit, Section – 17 

In this case, a 300 KW DG is inserted at the middle of the circuit i.e. on section 17. 

 

Figure 5.9: DG at Location C 

The 300 KW DG can supply load from load points 17-20 completely and also partially 

serves load point 21. As discussed before, the DG supplies power downstream as shown 

in the Figure 5.10: 
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Figure 5.10: DG at the middle of circuit 

 

The reliability indices for this case are presented in the table below: 

 

SAIDI 0.66536 hours / customer yr 

CAIDI 1.73483 hours / customer interruptions 

ENS 1273.519 KWh /yr 

AENS 1.6327 kWh / customer yr 

5.6.5 Case Study 14 

Circuit Configuration: With Disconnects on the main distribution line  

DG TYPE & SIZE: Large-scale, 300KW as backup generators 

 

Location D: End of the circuit  

 

In this case, a 300KW DG is inserted at the end of the circuit on section 34 as shown in 

the figure below: 

 

 

Figure 5.11: DG at Location D 
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In this case, since there are no loads downstream, the DG sends power upstream and 

supplies load points 28-34 fully and load point 27b partially as shown below: 

 

 

Figure 5.12: DG at the end of the line 

 

The detailed calculations for this case can be found in the electronic format. 

 

The reliability indices for this case are shown in the table below: 
 

SAIDI 0.61897 hours / customer yr 

CAIDI 1.61388 hours / customer interruptions 

ENS 1182.779 KWh /yr 

AENS 1.5163 kWh / customer yr 

 

5.6.6 Case Study 15 

Circuit Configuration: With Disconnects on the main distribution line  

DG TYPE & SIZE: Large-scale, 300KW as backup generators 

 

Location E: Most Load  

In this case, the 300 KW DG is installed at the section 19, since load point 19 is the 

location with most loads (233.1KW) as shown in the figure below: 

 

Figure 5.13: DG at Location E 
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The 300 KW DG can supply load point 19 fully and load point 20 partially. 

The reliability indices for this case are shown in the table below: 

 

SAIDI 0.65623 hours / customer yr 

CAIDI 1.71104 hours / customer interruptions 

ENS 1247.814 KWh /yr 

AENS 1.5997 kWh / customer yr 

5.6.7 Case Study 16-20 

Circuit Configuration: With disconnects on the main distribution line  

In these cases, instead of the 300 KW DG, the size was increased to 500KW DG and 

placed on the location A (lowest voltage), location B (start of the circuit), location C 

(middle of the circuit), location D (End of the circuit) and location E (Most load location)  

The reliability indices in each case are shown in the tables below: 

 

CASE 16 (Location A, 500KW) 

SAIDI 0.55604 hours / customer yr 

CAIDI 1.44981 hours / customer interruptions 

ENS 1054.463 KWh /yr 

AENS 1.3518 kWh / customer yr 

 

CASE 17 (Location B, 500KW) 

SAIDI 0.71344 hours / customer yr 

CAIDI 1.86020 hours / customer interruptions 

ENS 1419.19 KWh /yr 

AENS 1.8194 kWh / customer yr 

 

CASE 18 (Location C, 500KW) 

SAIDI 0.61029 hours / customer yr 

CAIDI 1.59125 hours / customer interruptions 

ENS 1176.409 KWh /yr 

AENS 1.5082 kWh / customer yr 

 
CASE 19 (Location D, 500KW) 

SAIDI 0.55156 hours / customer yr 

CAIDI 1.43812 hours / customer interruptions 

ENS 1043.013 KWh /yr 

AENS 1.33719 kWh / customer yr 

 
CASE 20 (Location E, 500KW) 

SAIDI 0.61409 hours / customer yr 

CAIDI 1.60116 hours / customer interruptions 

ENS 1183.510 KWh /yr 

AENS 1.5173 kWh / customer yr 
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5.6.8 Case Study 21 

Circuit Configuration: No disconnects on the main distribution line (Current 

Configuration), lateral fuses replaced by disconnect switches  

DG TYPE & SIZE: Small-scale, 8% penetration (300kW) as backup generators 

 

Location : Distributed 

 

In this case, the circuit is configured to have no disconnects on the main line. The 

Distributed Generation (DG) in this case are small-scale (5kW) and are placed at 

randomly distributed locations.  8% of the total customers are assumed to have DGs. 

Hence, 60 out of the 780 customers have a 5 KW DG each, and a total generation of: 

 

60 (customers) * 5 KW (DG) = 300 KW 

 

During a section failure occurring on the main line, the disconnect switch will isolate 

distributor from the main line and the customer-owned DGs would be able to supply the 

loads on the respective lateral. If a particular load point has more generation than its 

requirement, it won’t be able to transfer it to the neighboring laterals since there are no 

disconnect on the main line and any section failure will impact the main distribution line.  

 

 The reliability of the load points that have distributed generation (DG) is calculated by 

first determining the percentage of load that the DG can supply as backup. Let’s take an 

example of load point 14 in this case. This load point had a total requirement of 20.4 KW. 

One of the 10 customers has a 5 KW DG. Hence, incase of a failure, 5 KW of the total 

load will be covered by the DG. The outage time for the load point can be calculated as: 

 

% of load covered by DG = 5 / 20.4 = 24.5% or 0.245 

% of load not covered by DG = 1-0.245 = 75.5% or 0.755 

 

Therefore, Outage (repair) time = (0.245 * 0.5 (switching time)) + (0.755 * 4) = 3.142 

hours *0.9 (DG failure rate) + (4*0.1) = 3.2278 
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The reliability indices for this case are shown below: 

SAIDI 1.13971 hours / customer yr 

CAIDI 2.9662 hours / customer interruptions 

ENS 2008.018 KWh /yr 

AENS 2.5743 kWh / customer yr 

5.6.9 Case Study 22 

Circuit Configuration: No disconnects on the main distribution line (Current 

Configuration), lateral fuses replaced by disconnect switches  

DG TYPE & SIZE: Small-scale, 13% (500kW) penetration as backup generators 

 

Location : Distributed 

 

In this case, 13% of the total customers are assumed to have DGs of 5 KW each. Hence, 

100 out of the 780 customers have a 5 KW DG each, and a total generation of: 

 

100 (customers) * 5 KW (DG) = 500 KW 

 

In this case, some of the load points will have extra generation but since the circuit is 

configured to have no disconnects on the main line, they won’t be able to transfer power 

to the neighboring load points. For example, the load point 14 in this case has a 

requirement of 20.4kW. The total customers who have DG is 5 producing 25kW of 

power, more than the requirement of the load point but due to the configuration of the 

circuit the generation will only be limited to load point 14. 

The reliability indices for this case are shown below: 

 

SAIDI 0.87805 hours / customer yr 

CAIDI 2.2852 hours / customer interruptions 

ENS 1577.303 KWh /yr 

AENS 2.0221 kWh / customer yr 
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5.6.10 Case Study 23 

Circuit Configuration: With Disconnects on the main distribution line  

DG TYPE & SIZE: Small-scale, 8% (300kW) penetration as backup generators 

 

Location : Distributed 

 

In this case, 8% of the customers own a 5KW DG each. However, the circuit is 

configured to have disconnects on the main line. Hence, if a load point has more 

generation than its requirement, it can be transferred to the downstream or upstream load 

points.  

 

The reliability indices for this case are shown below: 

SAIDI 0.63031 hours / customer yr 

CAIDI 1.64045 hours / customer interruptions 

ENS 1262.392 KWh /yr 

AENS 1.61845 kWh / customer yr 

5.6.11 Case Study 24 

Circuit Configuration: With disconnects on the main distribution line (Current 

Configuration), lateral fuses replaced by disconnect switches  

DG TYPE & SIZE: Small-scale, 13% (500kW) penetration as backup generators 

Location : Distributed 

 

In this case, 13% of the customers own a 5kW DG each and the circuit is configured to 

have disconnects on the main line. Depending on the fault location, the extra generation 

produced by a load point can be transferred to the neighboring load points.  

 

The reliability indices for this case are shown below: 

 

SAIDI 0.57947 hours / customer yr 

CAIDI 1.50814 hours / customer interruptions 

ENS 1154.704 kWh /yr 

AENS 1.4803 kWh / customer yr 

The reliability indices for each case are summarized in the Table 5.5. 
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Table 5.5: Reliability Indices, all cases 

Case # Scenario Description SAIDI CAIDI ENS AENS 

0 Base case 1.31826 3.4309 2303.006 2.952572 

0 w/disconnects 0.71344 1.8602 1419.19 1.8194 

11 300KW- A 0.62346 1.6256 1194.248 1.531 

12 300KW- B 0.71344 1.8602 1419.19 1.8194 

13 300KW- C 0.66536 1.7348 1273.519 1.6327 

14 300KW- D 0.61897 1.61388 1182.779 1.5163 

15 300KW- E 0.65623 1.711 1247.814 1.5997 

16 500KW- A 0.55604 1.4498 1054.463 1.3518 

17 500KW- B 0.71344 1.8602 1419.19 1.8194 

18 500KW- C 0.61029 1.59125 1176.409 1.5082 

19 500KW- D 0.55156 1.43812 1043.014 1.3372 

20 500KW- E 0.61409 1.6011 1183.55 1.5173 

21 8% - NO DS 1.1397 2.9662 2008.018 2.5743 

22 13% - NO DS 1.02544 2.6688 1842.301 2.362 

23 8% - WITH DS 0.6303 1.6404 1262.393 1.6184 

24 13% - WITH DS 0.57947 1.5081 1154.705 1.4803 

DS = Disconnect Switch 

 

5.7 Size & Location Analysis  

The size of the DG and its allocation are important factors in the calculation of reliability 

indices. In the case studies, two different sizes of the large-scale DGs (300KW & 

500KW) were placed at 5 different locations on the main distribution line. Moreover, the 

small-scale DGs with a capacity of 5kW each and a total generation of 300kW and 

500kW were placed at randomly distributed locations.  

 

� Impact of disconnects on system reliability  

As discussed previously, having disconnects on the main line improves the reliability 

indices significantly. For example, the Energy Not Supplied (ENS) index improves from 

2303 kWh/yr to 1419 kWh/yr or about 38% when disconnects are added to the main line.   

 

� Impact of size on system reliability (Cases 11-20) 

Increasing the size of the DG from 300KW to 500KW also improves the reliability 

indices since more generation is available to serve customers during fault conditions. For 

example, the SAIDI (System Average Interruption Duration Index) improves from 

0.61897 hours/customer yr to 0.55156 hours/customer yr, which is equivalent to 11% 
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improvement when a 500kW DG is installed instead of a 300kW DG at the end of the 

line. The reliability indices show significant improvement as we increase the size as 

shown in the Figures 5.14a, 5.14b, 5.14c and 5.14d below. 
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Figure 5.14a: Reliability size impact (SAIDI) 
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Figure 5.14b: Reliability size impact (CAIDI) 
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Figure 5.14c: Reliability size impact (ENS) 
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Figure 5.14d: Reliability size impact (AENS) 

 

� Impact of DG location on system reliability (cases 11-20) 

The location of the DG is critical. The 300kW and 500kW DGs were placed at 5 

distributed locations on the main distribution of the circuit 9.  

 

As observed from Table 5.6 and Figure 5.14, the reliability of the system is most 

improved when the DG is placed at the end of the circuit i.e. Location D. In this 
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configuration, the radial circuit has two sources, one at each end as shown in the figure 

below:  

 

 

Figure 5.15: Location impact 1 

 

In this case, if a failure occurs at a section on the main distribution line, the section can be 

isolated and the load points on the right side of the section can be supplied by the DG, 

while the load points on the left side can be served by the substation. On the other hand, 

if the DG is placed on the middle of the circuit or anywhere else, the load points on the 

downstream side of the DG can only be served if the fault occurs upstream from the DG. 

  

As shown in Figure 5.16, the DG is placed at end of the line, when any section fails, 

disconnect isolates the section. The DG supplies the loads on the downstream side of the 

section, while the upstream load points continue to be supplied by the main substation. In 

figure 5.17, the DG is placed at another location, in this case the fault occurs on the 

downstream side of DG and hence the load points on the downstream side of the failed 

section will be isolated and will experience outage until the fault is fixed. These two 

diagrams show that the reliability can be improved by placing the DG at the end of the 

circuit. The reliability indices for other locations show that the closer the DG is to the end 

of the circuit, the higher is the reliability. In the next section, we quantify the value of 

placing the DG at the end of the line. 
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Figure 5.16: DG location impact 2 

 

Figure 5.17: DG location impact 3 

5.8 Large aggregated vs. Small-scale distributed DG Analysis 

The large-scale DGs were placed on the main distribution line, while the small-scale DGs 

were inserted on the 1-phase lateral. For the small-scale DGs, 8% & 13% of the 

customers on laterals were assumed to have a 5kW DG each. The total production of the 

8% small-scale DGs is similar to a 300kW large-scale DG. Also, the total production of 

the 13% small-scale DGs is similar to a 500kW large-scale DG. The results show that the 

small-scale DGs shows improved reliability indices as compared to the large-scale DG at 

all locations except when the location D i.e. the end of the circuit. Therefore, placing 

small-scale DGs at distributed locations instead of a single large-scale DG helps improve 

the reliability indices as shown in Figure 5.18. 
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Figure 5.18: Large vs. Small-scale DG analysis 

 

� Comparison of Reliability Indices when aggregated DG (1x300kW) and 

distributed DGs (2x150kW, 3*100kW, 4*75kW and 5*60kW) are installed 

   The DGs installed in this case study are: 

1) One 300kW DG at various distances from substation (0.0mi, 0.5mi, 0.8mi, 1.2mi and 

1.7mi from substation) 

2) 2x150KW, 3x100KW, 4x75KW, 5x60KW (installed at randomly distributed locations) 

as shown in Fig. 5.19. 
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Figure 5.19: DG Locations (5*60kW, 4*75kW, 3*100kW, 2*150kW) 

 

It can be observed that the SAIDI, CAIDI and ENS calculated when the 1x300kW DG is 

installed are the same as those presented in subsection A. Again, the load point around 

location C (0.8 miles from the substation) includes a park that consumes a lot of power 

but is considered as a single customer. Therefore, higher SAIDI and CAIDI values are 

observed when placing the DG unit at location C as the DG serves fewer customers. 

When several distributed DGs of size 300kW (2x150kW, 3x100kW, 4x75kW, 5x60kW) 

are installed, SAIDI, CAIDI and ENS appear flat (in Figs 5.20). This is for comparison 

purpose because several distributed DGs are installed at randomly distributed locations. 

Therefore, distance from the substation does not apply when SAIDI, CAIDI and ENS are 

calculated in this case. According to the results shown in Fig. 5.20, installing several 

distributed DGs of size 300kW can improve the reliability indices as compared to 

installing an aggregated DG, depending on the locations of DGs, the number of 

customers and the size of the loads. SAIDI and CAIDI depend on the number of 

customers at each load point in the circuit. ENS depends on the load connected to each 

load point. 

However, the indices improve the most when the aggregated 300kW DG is placed at the 

end of the line.  



 82 

 

 

 

Figure 5.20: Reliability Indices comparison of (1*300kW, 2*150kW, 3*100kW, 4*75kW 

and 5*60kW DGs) 
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� Comparison of Reliability Indices when aggregated DG (1x300kW) and 

distributed DGs (2x150kW) are installed at the same location 

The DGs installed in this case study are: 

1) Two 150kW at various distances from substation. 

2) One 300kW at various distances from substation. 

 

It can be seen from Fig. 5.21 that installing a 1x300kW DG or 2x150kW DGs at the same 

location doesn’t make any significant difference to the overall reliability indices of the 

system. In fact, installing 1x300kW DG yields better reliability improvement than 

installing 2x150kW DGs. This is due to the fact that the failure rate of 1x300kW DG is 

10%, while the combined failure rate of 2x150kW DGs increases to 19% (Note that the 

probability that both DGs fail at the same time is 1%; the probability that either one of 

the two DGs fails is 18%). However, for the load points that can be served by a single 

150kW DG unit, installing 2x150kW DGs provides better reliability improvement than 

installing 1x300kW DG. This is because if one DG fails the other DG can still serve the 

load points partially. 
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Figure 5.21: Reliability Indices comparison of 1*300kW or 2*150kW DGs at the same 

location 

5.9 Reliability vs. Distance  

In this case study, we quantify the value of placing the DG at the end of the line. The 

failure rate of DG in this case is 10% while the total isolation and switching time in this 

case is assumed to be 2 minutes. The 150kW, 300kW and 500kW DGs were first placed 

at the start of the circuit, close to substation and then moved to 5 distributed locations 

away from the substation towards the end of the line as shown in the Table 5.6: 
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Table 5.6: Location / Distance from substation 

Location of DG Distance from Substation(mi) 

Start of the circuit 0.0 

Section 8 0.5 

Section 16b 0.8 

Section 24 1.2 

Section 34 1.7 

 

The reliability indices SAIDI, CAIDI and ENS were observed in each case and are shown 

in tables below and graphically analyzed in Figure 5.22: 

SAIDI 

DG Location Distance (mi) 150 kW 300 kW 500 kW 

Start of circuit 0.0 0.71344 0.71344 0.71344 

Section 8 0.5 0.657335 0.629816 0.61386 

Section 16b 0.8 0.68901 0.67115 0.61688 

Section 24 1.2 0.6668 0.63086 0.56939 

Section 34 (End of line) 1.7 0.65942 0.61897 0.55156 

 

CAIDI 

DG Location Distance (mi) 150 kW 300 kW 500 kW 

Start of circuit 0.0 1.8602 1.8602 1.8602 

Section 8 0.5 1.7139 1.64215 1.60055 

Section 16b 0.8 1.7964 1.7499 1.60842 

Section 24 1.2 1.73867 1.64489 1.4846 

Section 34 (End of line) 1.7 1.71935 1.61388 1.43812 

 

ENS 

DG Location Distance (mi) 150 kW 300 kW 500 kW 

Start of circuit 0.0 1419.19 1419.19 1419.19 

Section 8 0.5 1351.669 1316.981 1271.1900 

Section 16b 0.8 1348.48 1277.802 1183.548 

Section 24 1.2 1318.987 1218.888 1086.873 

Section 34 (End of line) 1.7 1293.714 1182.779 1043.013 
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Figure 5.22: Reliability vs. Distance 
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Table 5.7: Reliability Indices improvement vs. distance 

DG Size (end 

of the line) 

SAIDI 

Improvement 

CAIDI 

Improvement 

ENS 

Improvement 

150kW 7% 7% 9% 

300kW 13% 13% 17% 

500kW 22% 23% 26% 

 

The ENS (energy not supplied) improves by 9% from 1419 kWh/yr when a 150kW DG is 

installed at the start of circuit to 1293.7kWh/yr as it is installed to the end of circuit. In 

case of 300kW DG, the ENS improves by 17% from 1419 kWh/yr to 1182.7kWh/yr.  

And finally, in case of 500kW DG, the ENS improves by 26% from 1419kWh/yr to 

1043kWh/yr. The average interruption duration for the system (SAIDI) improves by 7% 

from 0.12% from 0.71344 hr/customer yr to 0.65942 hr/customer yr as the 150 kW DG is 

moved from the start to the end of line. In case of 300kW DG, the SAIDI improves from 

0.71344 hr/customer yr to 0.61897 hr/customer yr (13%) as the DG is moved from the 

start to the end of line. Also for the 500kW DG, it improves by 22% from 0.71344 

hr/customer yr to 0.55156 hr/customer yr. Similar improvement are observed for the 

average interruption duration for customers (CAIDI). For all indices, it is most feasible in 

terms of reliability indices to place the DG at the end of the line.  

 

In case of SAIDI and CAIDI, we notice that placing the DG at Section 8 produces 

slightly better results than placing it at section 16b. This is due to the fact that in circuit 9, 

load point 16b includes a park that consumes a lot of power and is considered as 1 

customer in terms of reliability. Since SAIDI and CAIDI are customer related indices, we 

see better results when placing DG at section 8 as the DG serves more customers.  

 

We observed significant improvements in the reliability indices as we place the DG away 

from the substation and closer to the end of the line and the analysis conclude: 

� Reliability Indices (ENS, SAIDI and CAIDI) improves as the DG is installed 

away from the substation. 

� Reliability Indices (ENS, SAIDI and CAIDI) improves as the size of the DG is 

increased. 

�  The best improvement is observed as the DG is placed at the end of the line.  
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CHAPTER 6 

CONCLUSIONS 

6.1 Conclusions 

In this research, detailed analysis on some of the impacts of distributed generation (DG) 

on residential distribution network operation is conducted. A set of case studies were 

performed to analyze the data. A residential distribution circuit of Blacksburg, VA is 

built in DEW (Distributed Engineering Workstation) and performed power flow to 

explore the impacts of injecting real power from DG at selected locations. The case 

studies include various penetration levels of DG at several distributed locations to 

analyze voltage profile and loss issues. The impact of installing DG on any one phase on 

the voltage profiles of all phases was also explored. The thesis also investigated the 

reliability of the system in two circuit configurations (with/without disconnects on the 

main line) by injecting DG at selected locations. A comparison of large scale aggregated 

vs. small-scale distributed DG is also presented. 

 

Conclusions from the case studies are: 

� Installing DG of various sizes (1-1692KW) maintains the system voltage with 

slight increase (up to 0.2%) and no over-voltages occur. 

� Distributing the DG at 5 or 10 locations can have positive impacts on the voltage 

depending on the concentration of loads. 

 

� Injecting real power from DG into any one of the phases will improve the voltage 

profile of that phase. However, this real power injection also impacts the voltage 

profiles of the other two phases. The voltage profile of one of the phases 

deteriorates while the other improves. This is due to the unbalanced characteristic 

of the distribution feeder as a result of mutual impedance between phases.  

 

� The losses of the system vary as the DG output changes. The minimum losses 

depend on the characteristics of the feeder.  
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� The power factor at the load levels remains the same regardless of DG 

installation. 

 

� The system’s reliability indices improve significantly as we add disconnects on 

the main line. The best location for the placement of DG is at the end of the line 

since a fault anywhere on the main-line can be isolated and the customers on the 

upstream side can be served by the substation while the customers on the 

downstream side can be served by the DG. It reduces the number of customers 

having outages significantly.  

� Installing small-scale distributed DGs instead of an aggregated large-scale DG 

can improve the system reliability indices, depending on the locations of DGs, the 

number of customers and the sizes of the loads. The index improves if the DGs 

are located closer to the end of line. However, the reliability indices improve the 

most when the aggregated DG is placed at the end of the line. 

 

� Installing one aggregated DG or several distributed DGs of the same size at the 

same location doesn’t make any significant difference to the overall system 

reliability indices. However, the reliability indices improve for the load points at 

which multiple DGs are installed. This is because if one DG fails the other DG 

can still serve the load points partially. 

6.2 Future Work 

Further analysis can be performed by installing DGs that inject both real & reactive 

power into the residential distribution network. The behavior of different types of DG on 

a distribution network can be investigated. For example, PV and wind turbines’ output 

fluctuates significantly as the sun and wind intensity change respectively and these 

impacts can be considered in the analysis. Distributed generation may cause noticeable 

voltage flicker and introduce harmonics into the system. Further research could also 

focus on the impacts of DG on the short circuit levels of the system and the islanding and 

re-connection operation of the DG.  
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