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Executive Summary 

This document presents a study of the effects distributed generation (DG) has on the 
power quality (PQ) of electrical power networks. At the time the study was proposed the 
scheme of DG was speculative by nature and the initiative to employ it was eagerly 
anticipated. The aim of the study is to explore the possibilities of DG. More specifically, 
the impact DG has on PQ in power networks is best studied and described by practical 
measurements of real existing systems in accordance with the purposes and goals of this 
study. Unfortunately, such systems (termed scenarios) are uncommon given that the 
technologies associated with DG were not widely operational at the time of writing the 
dissertation. 

The alternative is to simulate the DG scenarios and lay a foundation for a well defined 
knowledge base sketching the behaviour of DG scenarios. This could aid with predictions 
and provide realistic boundaries for DG performance expectations. The effects are 
observed, documented. motivated and apt conclusions drawn and guidelines are proposed 
for the effective utilization of DG. In this document the development of three experimental 
simulation scenarios will be described. The reader will also encounter the proposed and 
adopted methods for simulation of the developed scenarios. 

It is shown that a strategic application of DG is accompanied by numerous beneficial 
influences. all of which are advantageous effects and ensures improved long-term scenario 
perfonnance. These effects include, but are not limited to, the isolation of waveform 
disturbing loads (sources), the reduction of impedance paths leading to these non-linear 
loads. and the attenuation of harmonics by coincidental passive filtering paths in a 
network, to name an important few. Proof of these advantageous effects is found in the 
comprehensive study and investigation of accurately developed computer simulation 
scenario models and the generated results thereof. Finding correlations between the 
researched literature and the responses of the simulated scenarios support the validity of 
the simulation results and will aid in truthfully describing the observed effects. Precise 
conclusions are drawn and form the basis of the suggested strategy for PQ improving DG 
applications. 

A cost function is proposed. developed and presented. The generated data is scrutinized 
and after careful perusal key factors are identified that play a major part in the cost 
function. The identified crucial factors are incorporated in the assembly of three indicators 
that collectively quantifj. the performance of the scenario being investigated. A cost 
function is thus applied to fittingly quantify the total performance of each of the three 
individual scenarios. The cost function is tested and shown to respond appropriately if any 
of the three indicators are intentionally disturbed - i.e. reset one indicator to a new value 
while keeping the other two constant. The cost function relays the value change returning 
a new performance index, reflecting the change in the concerned indicator. 

The generated cost function data is carefully studied in conjunction with the simulation 
results and further conclusions are drawn based on motivations supported by the 
researched literature. These final conclusions complement the initial findings and provide 
guidelines for the strategic application of DG maximizing the effect DG has on the 
performance of the optimized scenario. The observed effects are summarized and detailed 
presentations of each are made in cause-related categories. Recommendations are made 
for improvements to the present study and future work linked to the study is proposed. 
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Opsomming 

Hierdie dokument beskryf 'n studie aangaande die effekte van verspreide generasie 
(VG) op die drywingskwaliteit (DK) van elektriese kragnetwerke. Met die aanvang van 
die projek was VG nog 'n vae konsep en was die gebruik en toepassing daarvan 
spekulatief van aard. Die doel van hierdie studie is om die moontlikhede van VG binne die 
raamwerk van DK verbetering en die toepaslikheid daarvan te ondersoek. Die beste 
manier om die imp& van VG op DK in kragnetwerke te ondersoek is met behulp van 
praktiese en realistiese metings van werklike stelsels terwyl daar streng gehoor gegee 
word aan die doel en uitkomste van hierdie studie. Ongelukkig is sulke stelsels (ook 
genoem scenario's) ongewoon omdat die tegnologiee wat d a m e e  gepaard gaan nie in 
algemene gebruik was toe hierdie dokument geskryf is nie. 

Die alternatief is om gesimuleerde VG scenario's te ondersoek en die venverkte 
resultate te gebruik om 'n goed-gedefinieerde fondasie te 16 t i r  die gedrag van VG 
scenario's. Hierdie kennis-basis kan gebmik word om voorspellings te maak en gepaste 
grense vir die gedrag van VG vas te stel. Die waargenome effekte word \olledig 
gedokumenteer, gemotiveer en daar word tot gepaste gevolgtrekkings gekom mat lei tot 
die voorstel van riglyne vir die effektiewe toepassing van VG. In hierdie dokument word 
die ontwikkeling van drie scenario's bespreek waartydens die leser die voorgestelde en 
aanyewende simulasiemetodes sal teekom. 

Dit word bewys dat die strategiese toepassing van VG gepaard gaan met verskeie 
voordelige effekte; verbeterde lang-termyn gedrag vir die kragnetwerk word ook verseker. 
Hierdie effekte sluit in die isolering van golfvoml-versteurende laste (-bronne). 
vermindering van die toevoer impedansie van nie-linekre laste, en die demping van 
harmonieke as gevolg van toevallige passiewe filtemetwerke in 'n netwerk. Bewyse van 
hierdie voordelige invloed word gevind in die volledige studie en ondersoek van die 
akhuraat-ontwikkelde scenario rekenamodelle en die resultate daardeur gegenereer. 
Ooreenkomste tussen die literatuurstudie en die respons van die gesimuleerde scenario's 
ondersteun die geldigheid van die simulasieresultate en help om die waargenome effekte 
te bespreek. Presiese gevolgtrekkings word gemaak en dien as basis vir die voorgestelde 
strategie om DK met VG te verbeter. 

'n Kostefunksie word voorgestel. ontwikkel en gei'llustreer. Die gegenereerde data 
word ondersoek en na versigtige oorweging word sleutelfaktore geydentifiseer vir die 
kostefunksie. Hierdie faktore word in die samestelling van die indikators gebruik wat as 'n 
geheel die gedrag van die scenario beskryf. Die hostefimksie word dus op gepaste nyse 
gebruik om die algehele gedrag van elk van die drie scenario's te kwantifiseer en te 
beskryf. Die kostefunksie word getoets om te bepaal of dit 'n verandering in enige van die 
drie indikators akkuraat weerspieel. Die algehele gedragsindehs moet ook die verandering 
weerspieel. 

Die verkrygde kostefunksie-resultate word noukeurig bestudeer saam met die 
simulasieresultate en lei tot verdere gevolgtrekkings \vat gebaseer is op motiverings wat 
deur die literatuurstudie ondersteun word. Die waargenome effekte word opgesom en 
deeglik voorgestel in kategoriee wat verdeel is in oorsake van die effek. Aanbevelings 
word gemaak vir verbeterings aan die huidige studie en vir verdere werk rakende die 
studie. 

. . , , . . .. . .. , . . ...,. .. 
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Nomenclature 
Following is a list of abbreviations and acronyms used in the following document. The 

reader is encouraged to study the list before continuing and can consult this section when 
uncertainty arises regarding any of the abbreviations while reading the text. 

Table 0-1: List of abbreviations. 
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Nomenclature 
,a- 

~ . 

)le 0-2 is a list of symbols used during the study 

Table 0-2: List of symbols. 

. . . . .,.. .... , ,,., 
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Introducing Distributed P o w 2  Generation 

Chapter 1 

Introducin~ Distributed Power Generation 

1.1 Introduction 

In this chapter the reader is introduced to the available definitions. key 
specifications (standards) and descriptions of DG. First, the reader needs to be 
familiar with the meaning of distributed generation. After this initial introduction to 
DG the available technologies employed as distributed resources are briefly 
discussed. A more in-depth discussion of the technologies is left for Chapter 2 and 
Appendix A, but the pebble bed modular reactor (PBMR) is of primary concern. 
Finally. the problem statement is presented, followed by the issues to be addressed. 
assumptions, methodology and a terse overview of the whole document. 

1.2 Background 

Since the emergence of distributed generation resources, and considering the 
recent developments of the generation technologies. it has been expected that the 
industq would apply the trend, now commonly known as distributed generation 
(DG). This concept is current and modem and, as such, has not been able to develop 
any formal standards or definitions that accurately describe it [ I ] .  There are a few 
short definitions available as of late, and there is talk of an eagerly awaited 
publ~shrd draft for the standards of this concept. 

DG technologies provide energy solutions to customers that are more cost- 
effective, enbironmentally friendly, or provide higher power quality and reliability 
than conventional solutions. Power quality (PQ) plays an important role in DG and 
with the aid of analqsis tools - possibly incorporating the use of artificial 
intelligence (AI) - PQ can be analyzed and controlled. Different scenario's of how 
DG can be applied exist; each having a unique effect on the PQ. 

1.2.1 Distributed Generation versus Central Station Generation 

As mentioned earlier, central station generation (CSG), also known as the 
conventional power generation method. consists of a few large power stations. 
Strategic placement as close as possible to the majority of consumers allows 
convenient delivery of poner, while simultaneously enabling an efficient route for 
the fuel supply of the station (coal stations), or the availability of adjacent cooling 
masses such as large masses of water (nuclear stations) [?I. Other factors also 
include the potential for hydro-electric power from rivers and other large masses of 
moving water (hydro-electric power stations and tidal power stations), etc. 

The rest of the consumers. and in most instances, the entire consumer load relies 
on electric power provided via transmission lines over long distances delivering the 
required electricity. This is consequence of power stations remotely connected to the 
power grid due to the technology employed and the location of the "energy pool" 
(hydro-electric power stations, nuclear. etc.). Quite often the power quality 
deteriorates after transmission over these long inefficient lines. The lines themselves 
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become very complex due to their respective lengths, and these complexities only 
increase as the line lengths do. 

Conventional generation does however have the advantage of physical size and in 
terms of size the utility always profits with regards to improved efficiency, 
generating capacity, reliability and expanding potential; while enjoying lowered 
running costs, generation costs and maintenance. The drawback of conventional 
generation is the relatively high transmission and distribution (T&D) costs. The 
utility is solely responsible for the distribution and transmission of electricity to the 
customer. The customer pays for both the T&D service and the amount of electrical 
power used (generation cost of the electrical energy). Since the utility provides this 
service to customers as a whole, the rate is fixed depending on the type of customer 
(residential-, commercial- and industrial client) and intervals of power usage. 

Recent developments in the power industry have lead to the development of 
smaller and more efficient sources of electrical power. The newly developed sources 
are more fuel-efficient owing to the modem technology employed in their 
construction. The traditional power sources remain in use thanks to their inherently 
large power capacities. The expected general efficiencies of these power stations 
linger in the area of 28 to 35% while the developed higher efficient power sources 
range from 40 to 55% [2].  

In an age where availability of fuel is continually growing in concern it's merely 
logical that these newly developed sources be used. Furthermore, T&D costs are 
constantly rising and conventional methods of power generation and transmission 
are becoming more expensive as a result. The new generating units have smaller 
impacts on the environment than large central power stations. The final, and rather 
pre-eminent fact being investigated, is that a power network consisting of these 
smaller interconnected generating units will exhibit an improved power quality (PQ) 
delivering a much more "useful" and economical power to the consumer. 

Considering the above, it could be stated then that distributed generation (DG) is 
the strategic and beneficial utilization of the newly developed smaller generating 
technologies. This is achieved by the "rearrangement" of an electric power supply 
grid consisting of the existing utility grid and optimizedlsupplemented by 
interconnection with the smaller available generating units able to act as DG units at 
strategic points in the system. The smaller units are placed conveniently close to the 
customer causing power problems, such as poor power quality; or at customers who 
experience poor PQ, lack of reliability, expensive power and inefficient power as a 
result of being remote or isolated (power loss over long lines and propagated 
distortion). 

The advantages of these smaller units are, to name an eminent few, higher 
efficiency due to modem technology, lowered T&D costs, improved PQ and 
reliability (depending on the type of technology employed), less environmental 
impacts, providing a "type" of technology or power source that is preferred by the 
customer and reducing aesthetic impacts due to noisy, dirty and excessively large 
generation methods. 
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The use of distributed generation (DG) and, more generally. distributed resources 
(DR) w h i c h  includes DG and energy storage systems - has the potential to provide 
more reliable and lower-cost energy for electricity customers as well as benefits for 
today's electric transmission and distribution (T&D) systems. This may prove to be 
particularly true for customer-sited generation. Further, increased interest in the use 
of DR is evolving as a result of potential opportunities envisioned w ~ t h  the 
modernization of T&D systems and the advanced dekelopment of improved small. 
modular generation technologies such as fuel cells, photovoltaics, and micro- 
turbines (pebble bed  nodular reactor - PRMR). In addition. the potential 
environmental benefits of DR (for example, for renewable resources and combined 
heat and power systems) are substantial. 

Combining the two concepts would be the optimum solution; as alreadq 
discussed. A system comprised of the smaller generating units alone would give rise 
to reliability problems and effective control and administration of such a system 
would necessitate the development of stringent governing lawslguidelines and 
treaties to ensure that the unsuspecting customer would have a reliable source of 
power year round. Power intemptions due to administrative problems are 
unacceptable and these problems are likely if a number of companies/persons each 
own a generating unit while the) all attempt to sell the most possible power in order 
to insure a greater profit from their investment. 

A symbiotic relationship between the existing utility supply and any newly 
introduced generating unit, either owned by a third party or just another asset to the 
utility, is possible as long as the established utility remains the governing body. The 
utility is then responsible for drawing up the necessary contractual agreements for 
safe and reliable generation and supply of electrical power to the respective 
customers. The other remaining issue would be standards for the interconnection of 
DG to the electric power system (EPS). A draft of such a standard exists and is 
known as IEEE P1547 Series of Standards for Interconnection [3]. At the time of 
writing the whole standard was not available for thc author's penlsal, but the draft 
was obtained and proved to be sufficiently accurate for the purposes of the study. A 
brief discussion emphasizing the key points is given in Section 1.2.3. 

1.2.2 Defining Distributed Power Generation 

Distributed generation (DG) is a newly developed approach in the electric power 
industry and the available literature regarding the subject shows that there is no 
general definition for DG as yet. From the literature sources. a widely varying group 
of terms and definitions used for Dti is identified, to name but an acceptable few: 

1. The Institure qf'Hectricn1 m d  Electronic Engineers (IEEE) defines DG as [I]: 
"The generation of electricity by facilities sufficiently smaller than central 
generating plants as to allow interconnection at nearly any point in a power 
system. A subset of distributed resources". 

2. According to Willis lmd Scoff [2]  DG includes any of the following: "The use of 
snrall electric power generators. whether located on the utility system, at the site 
of a utility customer, or at an isolated site not connected to the power grid". 
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3.  Borbely and Kreider [4] define DG as: "Power generation technologies below 10 
MW electrical output that can be sited at or near the load they serve". 

4. Distributed generation is defined as small power generation units strategically 
located near consumers and load centres that provide benefits to customers and 
support for the economic operation of the existing power distribution grid (from 
Richard P. Bingham) [5] and [6]. 

5. The DG Monitor defines DG as electric generating units less than 20 MW in size 
that are located close to the primary load being sewed or provide grid support. 
Backup powers, including emergency and standby power, are included in this 
definition, as are remote power, which is DG that is used at places located away 
from the distribution grid [7]. They also refer to the following definition: electric 
generation sited close to the load it serves, under 50 MW, with most of the output 
used by the host facility. 

6. Resource Dynamics Corporation: Small power generating units that are close to 
load, under 50 MW, and most of the electrical output is used by the host facility. 
Includes: combined heat and power (CHP); backup power; niche applications 
such as premium power, peak shaving, and green power [8]. Another of their 
adopted definitions is: Resource Dynamics Corporation: Relatively small 
electricity generating units located close to the loads being served. In general, 
distributed generation covers units in the 5 kW to 30+ MW size range [9]. 

7. The Public Utility Commission of Texas: An electrical generating facility located 
at a customer's point of delivery (point of common coupling) of 10 MW or less 
and connected at a voltage less than 60 kV, which may be connected in parallel 
operation to the utility system. May include energy storage technologies as well 
as conventional generation technologies [lo]. 

8. The International Council on Large Electric Systems (CIGRE) Working Group 
has set its definition of DG to be generation that is: not centrally planned; not 
centrally dispatched; usually connected to the distribution network; smaller than 
5CL100 MW [I]. 

9. California Energy Commission: distributed generation is defined as small-scale 
generation, typically less than 10 MW in capacity, inter-connected to the utility 
grid at distribution or sub-transmission voltages [ I  11. 

With respect to the rating of DG power units, the following different definitions 
are currently used: 

1. The Electric Power Research Institute (EPRI) defines DG as generation from 'a 
few kilowatts up to 50 MW' [12]; 

2. The Gas Research Institute defines DG as being 'typically between 25 kW and 
25 MW' [13]; 

3 .  Preston and Rastler defines the size as 'ranging from a few kilowatts to over 100 
MW' [14]; 
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4. Cardell et a/. defines DG as generation 'between 500 kW and 1 MW'  1151; 

5 .  The Interntrtronul Conference on Large High Voltage Electric S)utems (C'IG'RW 
defines DG as 'smaller than 50-100 MW'  [16]; 

The challenge now is to reach a sensible and logical synthesis of the above 
criteria in order to compile a definition of DG as it is applied in this study. This is a 
rather overwhelming undertaking due to the remarkable differences the above have 
and the evident lack of uniformity. Together with this it is quite necessary for the 
definition to con~ply with the IEEE standard mentioned mealier. 

After careful consideration the author suggests that a concise and complete 
definition of distributed generation (DG) as applied in this investigation should 
define the following characteristics: 

O Location of DG equipment. 
*:* Connection level. 
O Power quality (PQ) influences. 
*:a Mode of operation. 
0 Operational parameters. 

A unified terminology of DG and related equipment and terms. 

The definition does not need to explicitly define the following (delimitations): 

*:* Type of generation: the technology applied. 
Size and power delivered. 

6:- Ownership of the DG equipment. 
9 Financial compensation and monetary agreements. 
*:* Connection types and -standards. 

A suggestion for a definition of DG as intended for use in the study is: 

Distributed generation (DG) is the generation topology using any generuting 
techrtology to connect to rhe existing electric power system (EPS) infrastructure and 
provide ir useful and appropriately henqficial source of' electrical power to the 
system and iis consumers. The generuling equipment is strategically located new 
the problematic loads and uvailahle nuturul resources that aid the specific qpe  qf 
technology applied. The i17fluences, or effects, o f '  the au'ditionally connected power 
sources should he beneJiciul to the overall power q u ~ l i ~ ,  (PQ) qf' the electrical 
pou'er grid. The equipment is connected to the required level, either distrihution- or 
11-u~umission network. depending on the requirements oj'the loud and the generating 
equipmcnr spec[fications. The equipment is intenlied lo operate continriallj, (2nd in 
parallel with the EPS. This excludes islanding (load indeprndenrly served by iis own 
generating plant) and roll-over operution (commonly ,f&md in back-up power 
svstrms - BPS). 
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1.2.3 The Standard: IEEE P1547 

Although the application of DG and storage can have many benefits. the 
technologies and operational concepts to properly integrate them into the existing 
power system must be developed to realize these benefits and avoid negative effects 
on reliability and safety. The electric distribution system traditionally was not 
designed to accommodate active generation and storage at the distribution level or, 
generally, at the sub-transmission level and, especially, it was not designed to allow 
distrihuted generators to supply energy to other distribution customers. The technical 
issues involved in readily interconnecting and effectively integrating these types of 
DR applications with grid operations are significant. 

DR and uniform interconnection standards offer much promise in helping to 
modernize and improve distribution system and related transmission system 
perfomlance. When DR are properly designed, interconnected. and integrated with 
the grid. the potential benefits include reduced electric line loss; reduced T&D 
congestion; grid investment deferment and improved grid asset utilization; improved 
grid reliability; ancillary services such as voltage support or stability. VAR's. 
contingency reserves, and black start capability; clean energy; lower cost electricity: 
reduced price volatility; greater reliability and power quality; energy and load 
management: and combined heat and power synergies. In summary. those benefits 
tend toward the evolution of a modernized electric power system that has greater 
flexibility and energy security for the future [17]. 

The draft suggest the following concerns as the major issues, in summarized 
form. related to the emergence of DG interconnection: system impacts and analysis 
(e.g.. is it necessary and when), penetration (e.g., ideal allowable aggregation), 
safety (e.g., functional bersus operational modes). re-fitting of electric power 
systems (e.g., what to do), cost of electric power system re-fits (e.g., how and who 
pays), operation (e.g.. which standard and who is in control), and reliability (e.g., 
operational issues such as durability versus availability). Even broader DR 
interconnection concerns and T&D issues include standards for interface between 
the DER and the interconnection package (e.g.. equipment manufacturing design 
standards). issues of scaling to different power levels. and lower interconnection 
system cost. 

1.2.4 Brief Overview of existine DG Technolow 

Distributed generation (DG) is currently being used by some customers to 
provide some or all of their electricity needs. As mentioned, in some instances. DG 
technologies can be more cost effective than conventional solutions. There are many 
different potential applications for DG technologies. For example, some customers 
use DG to reduce demand charges imposed by their electric utility, while others use 
it to provide premium power or to reduce environmental en~issions. 

Current techllologies for DG vary widel) and will be discussed concisely in the 
following chapter, but a short summary of current technologies is shown in Table 
1-1  and is given so the reader can familiarize with the technologies referred to in the 
proposed definition of DG. These technologies include a wide variety of natural 
resources & renewable resources. The current research is in the field of renewable 
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resource utilization while the remaining development concentrates on efficiient use 
of energy-efficient non-renewable resources. The closed cycle multi-axial gas 
turbine pebble bed modular reactor (PBMR) developed in South Africa is a nuclear 
generating plant aimed at being the most energy-efficient method for generating 
electrical power over extended periods of time, therefore becoming a cost-effective 
solution to power grid problems. 

Table 1-1: Technologies for DC 1181,1191, 1201. 

Also part of the technologies in Table 1-1 is the pebble bed modular reactor 
(PBMR). This is a South-African project (more specifically, ESKOM - the local 
utility) with international partners attempting to produce a closed cycle (Brayton- 
cycle) based nuclear power generation plant. The design is inherently safe and the 
modularity of it the renders it an ideal alternative to meet future energy needs. Part 
of the New Partnership for Africa's Developn~ent (NEPAD) initiative it also aims to 
provide for the rest of Africa's electrical power needs. The PBMR technology lends 
itself to the modular electrification of Africa. supplying energy where needed. 

1.2.5 More Applications of Distributed Generation 

Distributed generation (DG) can be used for a \ariety of applications and utilized 
as effective solutions for problenlatic scenarios. Presently the most common 
applications are: 

*:* Electric power back-up system (EPBS) or electric stand-by system (ESBS). 
*:* Islanded power sources for users who have exact power requirements. 
O Improving power reliability and or quality for certain "sensitive" customers. 
O Providing electrical power to remote customers. 

DG is a practical solution to the common problem of poor power quality 
experienced worldwide. The generated power from each source has to have the 
effect that the power of the grid complies with the regulations set out by the 
regulatory bodies governing the power specifications. 
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Another advantage of DG. specifically with the aid of the PBMR system. is the 
reduction of pollutants. Air pollution is rcduced as well as most other environmental 
pollutions. such as \\ater-, ground-. noise-. etc. 

1.2.6 Power quality 

Electric power quality (PQ) has become a topic of increased interest since the late 
1980's. This interest involves all the parties concerned with PQ in the power 
business: firstly the utility con~panies which are the origin of the electricity, the 
customers who use the electricity and the manufacturers of electric equipment. 
Much has been said about PQ up till nou and according to Ibruhim and Morcos [21] 
the growing concern is due to the following reasons: 

O End-user load equipment has become more sensitive to power quality due to 
many microprocessor-based controls. 

*:* Complexity of industrial processes: The re-start-up of these industries is a very 
costly affair. 

O Proliferation of large computer systems into many businesses and commercial 
facilities. 

0:. Development of sophisticated power electronics equipment used for improving 
system stability, operation, and efficiency. These devices are a major source of 
bad power quality and are themselves vulnerable to poor PQ. 

O Deregulation of the power industry. 
-3 Complex interconnection of systems, which results in more severe 

consequences if any one component fails. 
*3 Continuous development of high performance equipment: Such equipment is 

more susceptible to power disturbances. 

Power quality problems can be defined as any problem in power due to current, 
voltage or frequency deviations that result in the failure or nlalfunction of the 
customers' equipment [22]. Alternative definitions for PQ are used within the power 
industry, reflecting the different viewpoints of the parties involved. From a supplier 
and equipment manufacturer's point of view, PQ is a perfect sinusoidal uavefom~ 
with no distortion and no noise on the grounding system. A point of view from the 
customer may be that PQ is simply the power that works for their equipment without 
damaging it. 

1.3 Problem Statement 

The purpose and aim of this project (the study and investigation) is to prove that 
distributed generation (DG) resources can be applied in a beneficial and 
advantageous manner to improve the performance (largely power quality (PQ) 
orientated performance) of electrical power system scenarios. The effects of the 
applied DG on the power quality (PQ) are investigated and conclusions are drawn as 
to why the observed effects are experienced. The problem is that there aren't 
existing studies (or methods) that accurately predict these effects and the study 
attempts to coherently investigate these effects. 

The conclusions are aimed at providing general guidelines for the planning, 
implementation. design and application of DG. These guidelines cat1 only be 

- . - 
The effect of D~str~buted Generat~on on the Quaht) of Power. 



lntroduciny DistributedPo-wer Generation 

fashioned once there is a clear understanding of the effects DG has on the PQ of a 
certain power system scenario (commonly ternled scenario henceforth). The 
applications of DG are primarily aimed at improvement of the scenario's power 
performance by means of optimization. By optimization it is meant that placement 
and quantity of the distributed resources (specifically PBMR units in this study) be 
studied in a cost-effective manner to determine optimal solutions. 

Predictions are made for placement and amount of pebble bed modular reactors 
(PBMRs) in a given scenario once the observed effects have provided rules 
(guidelines) indicating how the effectiveness of the generating equipment is 
maximized during use. 

1.4 Issues to be Addressed, Assumptions and Methodology 

The research- and investigative experimental method relies heavily on certain 
assumptions made for the study. These are general assumptions for the entire study 
and are repeated occasionally when either relevance is adjusted or greater detail is 
desired. Since the nature of this project is mainly research oriented, there is no need 
for con~plicated formal design processes. The experimental research is solely based 
on computer simulations (mainly MAT LAB^ sirnulink' SimPowerSystems 
hlockset) of developed scenario models and the results from these simulations are 
considered to be the collected "raw" data. 

1.4.1 Design process 

sirnulink@ scenario models are developed (Chapter 3)  in an accurate and 
comprehensive manner under advisement from experts (the local utilit!, ESKOM, 
was approached to provide input and assistance for possible scenarios). These 
scenarios are modelled, simulated and used to collect data. It is assumed that the 
intended computer simulation software package is reliable. accurate and provides 
realistic data and responses. 

A cost function is developed (Chapter 4) to quantify and measure the 
performance of each scenario before and after the addition of DG to it. This also aids 
in studying the effects of distributed generation (DG) on the overall power quality 
(PQ). The pebble bed modular reactor (PBMR) is exclusively employed as the only 
DG resource. 

1.4.2 Svstem Specification 

System specifications are largely influenced by the limits set for power qualit! 
standards by the governing authority (NRS 048 Power Qualit) Standards, South 
Africa [32]). These include that the giveddeveloped scenario is intentionally altered 
to marginally exceed these power quality (PQ) limits for certain chosen buses if it 
initially does not. 

Other specifications include those of the developed cost function. The individual 
components of the cost function should provide accurate, global indications of their 
respective chosen variablesieffects and provide true representations. 
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1.4.3 System Modelling 

The scenarios are modelled by means of simulation and the collected data is 
n~athematically processed and analyzed. The effects of DG is modelled by 
connecting the developed pebble bed modular reactor (PBMR) ~imulink" model at 
various points in the scenario and the data analysis is once again done in the same 
manner. 

1.4.4 Design Implementation 

The studied effects and responses are used to form the foundation for the 
conclusions, motivations and ultimately, the guidelines for distributed generation 
(DG) planning. 

1.4.5 System evaluation 

Results are compared to those of similar studies. Similar computer simulation 
software (PSAF') is used to verify the results for one scenario, but the verification 
process and results will not be presented unless there are inconsistencies. Besides. 
Sirnulink" is universally accepted for its proven accuracy and realistic nature. thus 
no discrepancies are expected. 

1.4.6 Delimitations 

In this study the suggested optimization purposes of the study conclusions. 
findings and guidelines will not be developed. Optimization is a complex problem 
and relies on more techniques that also are not presented. These techniques include 
generator control; control was only implemented in purely intuitive, basic and 
simple measures in a few isolated instances during the study. 

1.5 Overview of the Dissertation 

Chapter 2 is a detailed literature study and the various distributed generation 
(DG) technologies are briefly discussed while primary focus is on the pebble bed 
modular reactor (PBMR). Key power quality (PQ) definitions are provided and the 
causes and sources of non-sinusoidal waveforms are discussed. Planning, cost and 
reliability are some of the remaining minor topics of Chapter 2. 

Chapter 3 discusses the development of the chosen scenarios. Detailed 
assumptions and aims relevant to the development of the models are again 
presented. Finally preliminary results for the "problematic" pre-improved scenarios 
are provided. 

Chapter 4 examines the development of the cost function that eventually leads to 
the formation of various indicators that collaborate to provide a final index that 
quantifies the performance of a scenario as a whole. The differences between the 
established conventional sinusoidal mathematic procedures and the adopted non- 
sinusoidal mathematics are illustrated. 
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Chapter 5 is the penultimate chapter that provides results for the effects of DG on 
the PQ of the developed scenarios. The effects are motivated and discussed in detail 
as observed in each scenario and the precise data analysis technique is tersely 
illustrated. 

The final chapter, Chapter 6. summarizes the observed effects, the drawn 
conclusions are presented and discussed and recommendations are made for 
improvements to the present study as well as suggestions for future work relevant to 
the subject of this study. 

The capability of distributed generation (DG) as an augmentation of the existing 
grid, delivering a higher system performance, therefore a higher quality of power to 
the consumer is introduced. This type of generation is able to discreetly solve power 
generation problems in a number of ways. The modem technology incorporated in 
the design of these small generators enable them to be efficient, reliable and simple 
enough to own and operate and compete with electric power systems delivering 
cheaper electrical power due to lowered transmission and distribution (T&D) costs. 
The absence of a sufficient definition is noted and an attempt is made to put forth a 
definition that meets the requirements of the industry, the field and the purposes of 
this study. 
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Chapter 2 

Literature Studv 

2.1 Introduction 

This chapter is aimed at equipping the reader with the general knowledge 
associated with distributed generation (DG). This includes discussion of the various 
technologies and their basic operating principles. Later on will follow a brief 
discussion of power quality (PQ) in general followed by a more in-depth explanation 
of PQ issues and concerns as intimately related to the purposes of this study. Finally, 
a short introduction of reliability. cost and planning is made. 

Regarding the production of electrical energy with the technological means being 
discussed. it is important to remember that all the technologies rely on a source of 
energy that is applied in a certain process and in a specified manner to convert the 
source of energy to electrical energy. The energy sources are grouped in two main 
categories, namely non-renewable and renewable energy sources. Non-renewable 
sources are generally comprised of the common fossil fuels while examples of 
renewable sources include sun-. wind- and hydro-using power production [2]. 

As of late it is well-known that the natural resources responsible for the continued 
supply of fossil fuels are being depleted at an increasingly alam~ing rate. Non- 
renewable resources seem to hold the answer to this problem but have proved to rely 
on largely inefficient means of energy conversion [2]. Compounding the problem of 
effectively using these energy sources is the high costs involved in development. 
construction and implementation of these methods. 

Bearing in mind that the aim of this study is to reliablj and effectively improve 
the PQ of a chosen scenario while applying a suitable DG resource, it must be noted 
that the different types of technology employed have varying influences on the 
quality of the power delivered to consumers. Therefore. choice of DG technology, 
associated control thereof and sttategic placement of the individual units are all 
factors that individually influence the "improved power system scenario. Since the 
control measures of the different types of DG are not of concern for this study it will 
be ignored and as a result not be discussed or presented. Also, the main type of DG 
employed is the pebble bed modular reactor ( P B M R )  presented in more detail later 
on in this chapter. 

As can he seen from the preceding paragraphs the issues of reliability, cost and 
planning were mentioned and therefore beg a brief discussion. In the study these 
concerns were given minor attention and led to trivial influences on the outcomes of 
the study. 

2.2 Distributed Generation Technologv Overview 

It suffices to make brief mention of the known technologies employed as DG 
power sources or distributed resources ( D R )  [2]: 

. ... , . . .. 
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O Reciprocating Piston Engine generators 
*3 Gas Turbine powered generators 
-3 Fuel Cell powered generators 
O Renewable Resource generators 
*:+ Stored Energy Resource generators 

Each of these will be presented, but the intent is not to confuse the reader with the 
specifics and the detail of each one; only to develop an understanding of the 
technology and of the operating principles. This allows each technology to be used 
for a specific situation where it would be the most suitable option. 

The differences in the generation methods are ideal and will meet the majority of 
the needs of present day consumers. Examples are: the most logical option would be 
reciprocating piston engine generators in noisy industrial areas where air pollution of 
an acceptable level is allowed and offering a reliable means of fuel supply; fuel cell 
generators or stored energy generators (battery storage) for medical and residential 
areas; in commercial areas the modem gas turbine powered generators are the 
desired solution; and in agricultural and rural areas renewable resource generators 
are to be used. The reader is encouraged to make use of the relevant references for 
any further information that may be needed. 

These technologies invariably utilize any of a variety of conventional fossil fuels 
(mostly oil- or coal-based) in a certain applied method and manner to produce 
electrical energy - this process is most commonly facilitated by means of oxidation 
of the fuel in a controlled process. 

The most commonly adopted method of electrical energy generation is where 
combustion of the desired fuel(s) results in heat an pressure that is easily converted 
to mechanical energy (usually rotation of the mechanical parts) that in turn is 
responsible for the generation of electrical power in a generator. 

Another method is where oxidation is achieved without combustion - by means 
of chemically oxidizing the fuel with the aid of a catalyst. This is the process on 
which the operation of fuel cells relies. A fuel cell is likened to a "chemical fuel- 
powered battery" [2 ] .  Electric energy is immediately produced via oxidation of 
hydrogen produced from the fuel in the fuel cell. The electrical power is direct 
current (dc) and is converted to alternating current (ac) with the aid of power 
electronics. 

Reciprocating piston engine generators are by far the most popular type of DG 
generation units used worldwide [2]. The basics of the internal combustion engine 
operation are not presented and explained due to the universally familiar nature of 
the details (the four stroke Otto cycle and the two stroke cycle). Thanks to the 
rotating movement characteristics of these engines they are readily connected to 
electrical generating equipment via gearboxes, belts and a multitude of mechanical 
means to produce electrical power. 

The basics of gas turbine powered generating equipment are also commonly 
known and byway of the above same reasons it follows that the inherent rotating 
nature of these mechanical systems is easily exploited to conveniently generate the 
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desired electrical power. The conversion process of the mechanically produced
energy to the generated electrical power is essentially the same as for reciprocating
piston engine generators as conversed earlier.

The rest of the DO technologies available for use as distributed electrical power
resources are appended in Appendix A. These include fuel cells, renewable
resources (such as solar thermal- and solar photovoltaic power generation, wind-,
hydro-, and trash burning power generation, etc.), and energy storage for use with
DO(superconducting magnetic energy storage (SMES), batteries, capacitors, etc.).

Because of the chosen approach of this study to exclusively employ the pebble
bed modular reactor (PBMR) as a DO resource, it deserves to be described in more
detail. The next section pithily presents the basics of the PBMR system and its
operation.

The pebble bed modular reactor (PBMR) is a new type of nuclear power plant
developed in recent years in South Africa by the local utility ESKOM and a number
of other shareholders. It relies on the thermodynamics of a high temperature gas
cycle and more specifically, the PBMR is based on a closed three-shaft recuperative
Brayton cycle that uses helium as the working medium (gas or fluid). Chief
advantages of this reactor are:

.:. It is inherently safe.

.:. It is surprisingly environmentally friendly.

.:. It boasts with great cost-effectiveness.

Figure 2-1 illustrates the main power system (MPS) of the PBMR.

';T~~-";"''''

L

Figure 2-1: Solid model illustration of the MPS (23].

The innate problem of existing nuclear reactors is that they make use of a process
that leads to the establishment of a radiation hazard. The PBMR is designed to
ultimately realize a nuclear plant that distances itself from the dependency of a
physical process causing a radiation hazard beyond the plant site boundary. The

The effect of Distributed Generation on the Quality of Power. 14

---



Literature Study

estimated rating of a PBMR unit is approximately 150 MW of electrical power
making the PBMR module the smallest standalone component of the PBMR power
generation system. The module is capable of power generation in standalone mode,
but the intention of ESKOM is to replace the Koeberg nuclear power station plant
with ten of the newly developed PBMR units indicating that a unit is designed for
versatile use in a power network [23].

The chemical and radiological inert characteristics of helium make it the prime
candidate for use in the closed loop gas cycle of the PBMR plant and therefore
eliminating the risks of nuclear contamination to the plant and the environment [24].
The helium transfers the heat produced by the nuclear fusion elements to the power
turbine. Figure 2-2 is a schematic diagram of the Brayton cycle as implemented in
the PBMR system layout. The Brayton cycle is the thermodynamic process where
helium gas is heated in the reactor and circulates through turbines, compressors and
heat exchangers. The induced gas flow in the helium cycle is used to generate
electrical power.

Power Control
System

Figure 2-2: PBMR system layout and Brayton cycle (24].

As already said, a PBMR is a high-temperature helium-cooled reactor power
plant using a direct cycle gas turbine. It is specifically call a pebble bed modular
reactor because the design of the nuclear reactor dictates this naming of the plant.
The reactor is of pebble bed design, meaning the fuel (coated uranium dioxide
particles) in the nuclear process is contained in balls (or spheres) of graphite roughly
the size of a cricket ball (60 mm diameter).

A graphite-lined silo of 10 metres high and 3.5 metres in diameter houses
approximately 400 000 of these fuel pebbles. At the top of this reactor helium is
introduced at about 500°C and is gradually heated as it passes between the fuel
pebbles, leaving the reactor at the bottom with a temperature of about 900 °C.

The design incorporates three turbines in the gas cycle. The first two turbines
drive compressors while the third is exclusively exploited to drive the electrical
power generator. At this stage the helium has cooled (after conversion of its energy)
to around 600°C and is passed through a recuperator where excess energy is
released further cooling the helium to 140°C. A precooler (water-cooled) optimizes
the thermodynamics even more by lowering the helium temperature to 30°C.
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Finally the gas is repressurized by a turbo-compressor, flows to a regenerator heat- 
exchanger where it acquires residual energy and introduced back into the reactor. 

Pneumatics store spent nuclear fuel pebbles in large storage vessels (tanks) 
situated at the base of the plant with enough storage capacity providing for storage 
of these spent balls right through the life of the plant. After shutdown of the plant the 
storage vessels must cope with an additional 40 to 50 years of effective storing of 
the spent fuel. An indication of the amount of fuel balls for a forty-year life cycle of 
a 100 MW PBMR plant is estimated at 2.5-million fuel balls [24]. 

2.3 Power Qualitv Overview 

Although the idea of power quality (PQ) in utility networks primarily applies to 
the physical waveform of the power transmitted and received by the utility, it is 
important to note that waveform shape is not the only measure of PQ. Along with 
the concern regarding the shape of the waveforms (intimately related to the presence 
of harmonics), it is must be said there are a multitude of aspects describing PQ, such 
as electrical unbalance -the other chief concern. 

As will be shown by later discussions, power quality concerns are of great 
importance for both utility and customers. There are a multitude of problems related 
to poor PQ. These range from device- and component failure, increased transmission 
and distribution (T&D) costs, limited capacity to deliver usable power, and many 
more mentionable problems all discussed, illustrated and proven in later sections in 
the study. One of the main problems in the event of poor PQ is the associated lack of 
service reliability offered by the utility. "Sensitive" customers may experience 
down-time and loss of revenue. 

2.3.1 Electrical Unbalance and Asvmmetrical Csmoonenb 

Asymmetrical components are electrical components in the supply that cause 
sequence components. An electric network is unbalanced when this occurs. 
Balanced networks are typically defined as three-phase networks having phase 
voltages and currents that are equal in magnitude for each of the three phases but are 
shifted exactly 120" in phase with respect to one another. Figure 2-3 illustrates the 
balanced condition phasor representation for a 380 V, 50 Hz network. 

Figure 2-3: Balanced three-pbase network. 

For an unbalanced network these equal magnitude, 120" phase-shifted replicas of 
the phase voltages differ in magnitude and phase-shifts are not in equal 120" 
increments. These situations are the by-products of unbalanced loads in the electrical 
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network. Unbalanced loads are loads that require different voltage magnitudes and 
phase shifts for each phase they are connected to. Examples of unbalanced loads are 
arc furnaces, single-phase motors, single phase-transformers, electric railways, etc. 
These loads deform the balanced voltage supply and return an unbalanced condition 
to the electric network. Figure 2-4 illustrates the phasor representation of an 
unbalanced condition for a 380 V, 50 Hz network. 

Figure 2-4: Unbalanced three-phase network. 

c unbalanced 
a b -  ,- 

Figure 2-5: Unbalanced phase waveforms. 

Unbalanced phase voltages and currents produce virtual components called 
sequence components [26]. There are three types of sequence components: Zero- 
sequence components, Positive-sequence components and Negative-sequence 
components. These sequence components are related to one another as well as to the 
phase components in the following manner: 

Voltage relation. (2.1) 

In (2.1) and (2.2) the number a is always a = 1L120° and where, V,, Vbg and V, 
are the respective a-, b- and c-phase voltages; Vo, VI and V2 are the respective zero-, 
positive- and negative-sequence voltage components; I,, Ib and I, are the respective 
a-, b- and c-phase line currents; and lo .  Il and 12 are the respective zero-, positive- 
and negative-sequence current components. 
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Inversely related with the symbol meanings as before: 

Equation (2.3) calculates the magnitude and the angle of Vo, V,  and V2. These are 
the zero sequence, positive sequence and negative sequence voltage components 
respectively. Equation (2.4) calculates the current equivalents for the magnitude and 

In this study unbalanced operating conditions are ignored. It is of utmost 
importance, however, to mention that for power systems that suffer poor power 
quality (PQ) due to the action of waveforms severely affected by the presence of 
harmonic distortion causing factors (discussed later), unbalanced operating 
conditions arise and is a common occurrence. In this study the scenarios are slightly 
subjected to harmonic distortion and the imbalance becomes negligible. 

2.3.2 Harmonics 

Alternating current (ac) power generation and transmission was adopted due to 
the increased transmission distances achieved and the ease of generating power." 
Maintenance requirements were also greatly reduced and the era of direct current 
(dc) transmission and distribution (T&D) came to an eventual end. However, with 
advances in semiconductor technology another problem for the use of ac power 
appeared - the problem of "electrical pollution". 

Recently the dc option was revived due to the advantages it offers in eliminating 
the need for power factor correction, reduced construction and installation costs 
(provided the line is of suitable length) and many more benefits including the 
avoidance of creating an environment where harmonic components flourish. For 
now, unfortunately, the industry has to be content with the fact that harmonic 
pollution will always be present - a consequence of the established enduring nature 
of present practical power networks. 

A harmonic is technically defined as "the sinusoidal component of a periodic 
wave or quantity having a frequency that is an integer multiple of the fundamental 
frequency" [27]. Waveforms that may be separated into individual harmonic 
components (or orders) are produced by electrical harmonic currents. Harmonics are 
said to be present when a current sine wave is not proportional to the voltage wave 
of the electrical system being investigated. 

" Ln South Atiica the fundamental 6equency for electric power generation, transmission and 
distribution is 50 Hz. 
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Figure 2-6: Distortion of the fundamental waveform by a harmonic waveform [27].

"Harmonic currents are continuous, integral whole number multiples of the
fundamental frequency" (see [28]). The correct functioning of everyday electrical
equipment and appliances require the power source to provide them with a "pure"
supply of 50 Hz current, and while they will continue to operate if a tolerable
measure of harmonic waveform distortion is present in the supply, it has been
proven that the harmonic currents do work as they don't provide any usable power.
These currents only congest the electrical system and reduce the system's capacity,
even to the extent where they can lead to overloading of the system resulting in
downtime, damages and financial loss.

Figure 2-7: The waveforms of a single-phase two-pulse diode bridge converter [28].

A personal computer (PC) serves as an example of equipment that causes
harmonic currents even though it uses 50 Hz current for power. The harmonics are
caused by power electronics in the switched-mode power supply a PC draws its
conditioned power from, much like the waveform in Figure 2-7. These harmonics
caused by PCs flow back into the power network and, again, does no useful work.
Each individual PC produces a small amount of harmonic current, but a large
number of PCs from the same facility and coupled to the same common point (PCC)
in an electrical system causes a "harmonic density". This can effectively overload an
electrical system.

In recent times it has been a growing concern that electrical systems are not
utilized in an efficient and effective manner. One of the major concerns being that
harmonic currents are needlessly carried in the system from one point to another,
taking up system capacity and lowering power delivery to some points in the system.
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Lowered system capacity and power transmission capability is but one problem in 
modem electrical systems; other more immediate and troublesome products of 
harmonic "pollution" are werheated wires and transformers. increased energy costs, 
and system degradation and failure [28]. These all cause revenue losses and have 
far-reaching consequences on customers and utilities. 

Table 2-1 is from [28] as well and clearly describes the results and causes of 
harmonics. The table was specifically chosen as the original authors succeeded in 
portraying the harmful factors associated with harmonic waveform distortion in a 
practical cause-and-effect manner. Most utilities have developed power quality (PQ) 
standards that specify limits for the "amount" of harmonic distortion that is allowed 
in an electric power system. One of these standards (NRS 048) relevant to this study 
will be presented in basic detail later on - detail found to be relevant to the study and 
necessary for its success. 

Table 2-1: Results and  causes of harmonics I t s ] .  

It' (he luads arc single-phase. ccrtain harmonics died ; 
triplcr~s (multiples of the third harmonic: 3id. 0lh, isth. 
ctc.) add toeethcr in the neutral conductor. rausinr? it to 

... ............ 

Circuit breakers trip even though loads do 
not appcar to be excessi\e. 

Tr.rn\tormen hus bars wlrcs and 
w,tchpear kcorne hot 

Slaem components emt nmse (d bumng 
sound) 

breaker. 

hcat oil1 iocrc - ' 

y run next to neutral conductors. 

At this time it is thought appropriate to introduce the reader to the measure of this 
phenomenon. The following expression is a means to determine the "amount" the 
harmonic contents of the measured waveform has distorted it. 

of squares o f  amplitudes ofa l l  

square o f  alnplihlde of fundamental -0 
(2.5) 

................ .- ---a,." .......... 
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where, THD defines both Total Hiir~onic Voltage Distorlion (VTHD) and Toral 
Hirrmonic Current Disturtion (ITHD). The variables '4 ,  and A,, represent the 
fundamental- and i~rrrmonic components respectively of voltage and current. 

2.3.2.1 Explaining Non-Sinusoidal Waveforms in Electrical Networks 

An electrical power system (EPS) is an expansive, ofien complicated and intricate 
network of generation resources, power carrying lines. compensation equipment and 
loads. Each element, every piece of equipment and instrument of this network has 
impedance and subsequently the loads "see" the network as a combination of 
impedances through which power is fed. Before the advent of semi-conductor 
technology and the scientific leaps made in the field thereof, loads were mostly 
considered to be linear - that is a linear relation exists between the load current and 
its driving voltage [29] - with the exception of equipment such as transformers. 
rotating magnetic machinery and gas-discharge lamps. The exceptions (including 
that of semi-conductor technology) are h o w  as non-linear loads as there is a non- 
linear relationship between the load current and the driving voltage. 

Non-linear loads draw non-linear currents. In the case of semi-conductor 
equipment it means that they deform (specified by intentional design) the ideal 
current sine wave by way of switching the current through the semi-conductor 
po\+er electronics. The current wave then loses in resemblance to that of the voltage 
wave. 

Firstly ideal power transmission is presented and explained. Power is said to be 
ideally transmitted when a system has ideal power sources, i.e. ideal alternating 
current (ac) generators that have zero internal impedances and generate perfect 
sinusoidal waveforms regardless of the conditions of the loads. Also, the 
interconnecting elements and equipment exhibit zero impedance. Ideal power 
transmission fi~rther states that the optimunl conditions for the best possible 
transmission of power is where the current and voltage are in-phase replicas of each 
other [29]. Finally, the system is consequently perfectly efficient and has no losses, 
but this is an utopical dream and can never practically be realized. Therefore, in this 
"electrical utopia" voltage distortion could never realize and non-sinusoidal current 
waves would have no effect - discussed later in full. 

In contrast to ideal power transmission is practical power transmission. In 
practice only non-ideal (practical) generators exist and are made use of. Practical ac 
generators do have non-zero internal impedances and so do the interconnecting 
elements and equipment. With the use of non-linear loads in general, the ideal of 
"in-phase current and voltage replicas" is lost as non-linear currents start to flow 
through the network and do no work, as already stated in Section 2.3.2. Further 
compounding the prohlem is when these non-linear currents encounter the 
impedances of the power network. This leads to non-sinusoidal voltage drops caused 
by these non-linear currents flowing through the non-zero impedance. This is when 
llannonic voltage distortion manifests itself in a power network. 

At this time the author proposes to introducc the term non-sinusoidal wavehrms 
that refers to waveforms containing harmonic components. or harmonically distorted 
waveforms (harmonic distortion in general). Non-sinusoidal voltage waveforms are 

............ 
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"produced" at every point (node) in the power network where a non-sinusoidal (non- 
linear) current flows through an impedance. The problem is exacerbated when non- 
sinusoidal currents supply conventional linear loads as these loads exhibit 
frequency-dependent voltage drops of their own, even if they are considered to be 
non-distorting by nature [29]. 

The principal source of non-linear currents, harmonic current distortion or non- 
sinusoidal currents is semi-conductor power electronics technology. It is unthinkable 
in modem-day power networks to not have these devices performing their functions. 
They offer versatility, controllability and tailored solutions to almost all power 
supply and control problems encountered in a network. The drawback is that these 
devices rely on non-linear operation to facilitate increased control measures and thus 
an environment for harmonic (current) distortion to flourish is created. Semi- 
conductors have become the most popular and widespread tool of choice, therefore 
they are actively adding to increasing levels of distortion in networks. 

In a sense non-sinusoidal waveforms can be thought of as "generated" when it 
comes to power sources subjected to the action of distorted waveforms. The 
generated perfect sinusoidal waveform deviates from this ideal of sinusoidality when 
non-linear currents are drawn from practical power sources. Thanks to the relatively 
small and almost negligible internal impedances of practical generators the influence 
on their terminal voltage is minute, but non-sinusoidality is still achieved. Harmonic 
currents propagate through the network as the distorted voltage waveform 
encounters generally large system impedances (inductive for the most part) leading 
to increased harmonic distortion levels. 

This stage of the discussion obligates that an illustration is offered to practically 
illustrate the proliferation of harmonics in power networks. To present a whole 
detailed circuit drawing of a practical and realistic power system is pointless. It was 
decided to generously draw from the guidance of Rens in his doctoral writing. 
Figure 2-8 is a slightly revised version with minor alterations of an illustration 
developed by him [29]. 

The design and nature of cost-effective development of power networks call for 
optimum economic use of materials and resources. This leads to great responsibility 
placed on and reliability expected of these equipment. In similar fashion it follows 
that maximum performance is expected while the most possible customers are 
connected to a reliable power system. This is what Figure 2-8 aims to illustrate 
amongst others. The concept of a "point of common coupling" (PCC) is introduced 
and is perceived from the figure as a point in the system that feeds a multitude of 
loads or customers - i.e. a common point to which a number of different loads or 
customers are connected to in order to source them with power. 

". 
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Figure 2-8: An example of a typical power system in practice with a source and loads [29].

In Figure 2-8 the voltage source represents the established power source
belonging to the electric utility. The voltage source is connected through the
generator's internal impedance to a system bus that could be seen as a pce. The
source generates sinusoidal waveforms (hardly ever realized in practice) and
transmission lines transmit the voltage- and current waveforms through the network.
In general, the transmission network has a low impedance as "seen" by the loads (or
customers) connected to it.

Customers in close vicinity to one another, or of the same region, are generally
connected to the same line feeders or generating power source, depending on which
comes first. As already stated, these common connections are known as PCCs and
are clearly indicated in Figure 2-8. Shown in the figure a PCC can either be near the
source or at the end of a transmission line/feeder (or a series of them). It is primarily
determined by the exact common point where a number of loads are connected.
These loads can be of a linear or non-linear nature as indicated by Loads 1 through 7
and can either be directly coupled to the PCC or remotely via a transmission line
(Loads 1 through 3).

Assessment of the non-linear loads, more specifically their associated detrimental
effects on electrical waveforms (voltage- and current-), reveals that these non-
sinusoidal load current waveforms add up to give the source current. In this manner
the source current becomes distorted. Remembering that the impedance of lines in
an electrical power network is a function of frequency (frequency-dependent), this
leads to voltage drops in these lines across the frequency-dependent impedances
(distinct orders of "harmonic voltage drops") and similarly for any impedance in the
system. These harmonic order voltage drops are in turn superimposed onto the
fundamental voltage waveform.

Thus every PCC now exhibits a non-sinusoidal (distorted) voltage waveform
brought about by the distorted currents in the network and the action of the

The effect of Distributed Generation on the Quality of Power. 23

-- - - - - - - - - - - - - -- - - - - - - ..... -----



. , ..... . , Literature . Study 

frequency components of these currents in the network impedances. Since linear 
loads are frequently connected to the same PCC as non-linear loads they have to 
endure a non-sinusoidal supply and suffer in silence while bearing the associated 
harmful consequences of non-sinusoidal current waveforms. They have not caused 
the distortion nor agreed to it but. lihe many things in life, have to accept it. 

Disregarding the negative effects (already well-versed) of harmonic "pollution" 
on the operation and effective life of electrical equipment, another concern calling 
for attention is the matter of metering. Conventional power measuring instruments 
and equipment are largely of electromechanical design and has proven to be grossly 
inaccurate (almost always at the expense of the paying customer) when measuring 
non-sinusoidal waveforms. This leads to increased expenditure and revenue losses 
for customers not responsible for harmonic "pollution" and distortion [30]. 

Since steady-state analysis is of paramount concern to this study no mention of 
the transient state of harmonic distortion will be made. It is deemed irrelevant for the 
outcomes and purposes of this writing, but it has to be said that since harmonic 
distortion manifests itself in varying levels in any power system. this manifestation 
is either steady-state. transient- or a combination of both. Another prerequisite of 
this study is that periodicity must be maintained by the non-sinusoidal waveforms; 
fortunately this is the usual case and is based on similar assumptions of Rens in his 
doctoral study on power quality (PQ) [79]. 

2.3.2.2 Equipment that causes Harmonic Distortion 

Grady identifies three major categories of harmonic distortion sources [3 I]. Each 
of these categories is hrther divided in several classes. but the essence of every one 
remains true to its category. The main categories are classical non-linear loads. 
power electronic loads and "other non-linear loads". Each of these categories is 
presented in vital detail and brief explanations offered. 

Classical non-linear loads are comprised of equipinent associated with "linear" 
operation but due to design complications and operating extremes and measures 
exhibit a non-linear operating component. The main candidates are power 
transformers (especially the large ones), large rotating magnetic equipment (even 
electric machines and motors of any size). fluorescent lamps (gas discharge lamps 
with magnetic ballasts). and arc furnaces. The details of how they distort the 
waveforms are not important, but why this happens is a matter of interest. In 
magnetic equipment (transformers and machines) this phenomenon is observed as 
they are designed to operate beyond the knee defined by the magnetic material 
saturation curve employed in their core construction - cost reduction design 
purposes. In gas discharge lighting the lamp is ignited and extinguished in each half 
cycle [31]. After ignition the lamp has "negative resistive characteristics" and this 
contorts the wavefonn. Arc hmaces are actually non-periodic and are to be 
considered as transient loads that cause flicker; this is beyond the scope of the study. 

The next category according to Grad). is power electronic loads and these include 
line commutated converters, voltage-source converters and switched-mode power 
supplies. There is plenty that can be said about these kinds of equipment. but they all 
have one thing in common - semi-conductor power electronics. As briefly described 
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earlier, these are the main components responsible for the distortion of waveforms. 
This stems from their ability to quickly and efficiently switch a current flowing 
through them on or off. This switching has the greatest effect on the sinusoidal 
waveforms as it completely alters the waveform shape as a result. Line commutated 
converters are high-power (above 375 kW) ACIDC converters, voltage-source 
converters are for medium-power (below 375 kW) applications and switched-mode 
power supplies are low-power (up to approximately 5 kW) equipment. 

The last category identified by Grady is "other non-linear loads". 
Cycloconverters (converters that alter the frequency, for instance 50 Hz. to another 
frequency, e.g. 60 Hz. or range of frequencies), static VAr compensators (supply of 
reactive power with a variable output) and motor power factor controllers are some 
of the multitude of examples grouped in this category. All of these have 
considerable effect on the shape of a waveform as they are designed with the intent 
of a maximum impact for energy-saving purposes through wave-shape 
manipulation. 

2.3.2.3 The South African Power Quality Standard - NRS 048 

The development of power quality (PQ) standards is still in its infancy throughout 
the world. This is partly due to the emergence of improved metering systems and the 
greater awareness of how poor PQ unjustly penalizes consumers. South Africa 
specially developed a unique set of PQ standards in 1996; called NRS 048. 
Electricity Supply - Quality of Supply. 

From NRS 048 [ 3 2 ]  the follouing was found regarding the acceptable limits for 
harmonic con~ponents in the electric supply. The compatibility levels for harmonic 
components on low-voltage (LV) and medium-voltage ( M V )  networks are given in 
Table 2-2 while the limits for high-voltage (HV) and extra high-voltage (EHV) 
networks are listed by Table 2-3. The total harmonic distortion (THD) of the supply 
voltage for LV and MV networks. including all harmonics up to the order 40, shall 
not exceed 8 %: and for HV and EHV netuorks the limit is 3 O h .  

Table 2-2: Compatibility levels for harmonic voltages in LV and MV networks 1321. 

1 
Total harmonic distortion (THD) 5 8 %. 

NOTE - For each harmonic. the harmonic voltage distortion compatibility level is given as a percentage of  the magnitude of 
the declared (fundamental frequency) voltage. 
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The reader is once again reminded how total harmonic distortion is defined: 

where: VTHD is the total amount of Voltage Harmonic Distortion; Vh is the 
magnitude of the hth Voltage Harmonic component; V, is the magnitude of the 
Fundamental Voltage Harmonic component. 

Equation (2.6) is explicitly defined as the calculated indication of the total 
harmonic voltage distortion and is of primary concern when consulting Table 2-2, 
Table 2-3 and Table 2-4. Last mentioned table (Table 2-4) is included for interest 
sake. The standard was reviewed in 1999 after it was decided to amend the standard 
of 1996 and a draft was published that contained Table 2-4. Essentially it reveals 
that LV and MV networks are grouped together and have a revised set of limits. 

Table 2-3: Recommended limits for harmonic voltages in HV and EHV networks 1321. 

0.2 + 0.5.- 

Total harmonic distortion (THD) 5 3 % in HV networks. 

For interest sake the limits for unbalanced supply conditions are also given. 
Similarly the following was found regarding the acceptable limits for unbalanced 
conditions in the electric supply. The compatibility level for unbalance on three- 
phase networks is 2%. On networks where there is a predominance of single-phase 
or two-phase customers, the assessed unbalance may be as much as 3 %. 

where W B  is the total amount of Voltage Unbalance; V. is the magnitude of the 
Negative-phase Voltage component; V, is the magnitude of the Positive-phase 
Voltage component. 
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The effect of Distributed Generation on the Quality of Powcr. 



.... ... Literature Study . .. ""." 

Table 2-4: Limits for harmonic voltages in medium-voltage (MV) and HV networks 1331. 

Even harmonics 

2.3.3 Improving Grid Performance by connecting Distributed Resources 

In this section a synthesis of the concepts discussed thus far is attempted. This 
follows from the author's own understanding of the fundamentals described up till 
now. A mental grasp of the preceding discussions leads to the following conclusions 
by way of logical reasoning: 

O By lowering the impedance encountered by the transmined power the resultant 
harmonic voltage drops & current distortions are reduced -this is achieved by 
connecting a power source closer to the responsible load sourcing the 
harmonic components to the grid. 

$ Connecting power sources instead of power factor correcting equipment (such 
as reactors - inductive and capacitive) is advantageous and avoids unwanted 
side-effects such as lowering of the resonant frequency of the system. 

O A certain specified connected power source best caters for the various power 
specific requirements of arbitrary loads. 

*:* Power sources could pre\ ent propagation of distorted waveforms through the 
power network by "blocking the route" for them and isolating them to 
zoneslregions in the network - preferably where they are caused. 

*:* "Sensitive" loads could be probided with "undisturbed" power ("improved" 
PQ) by sourcing them with better located ("sited) power sources. 

The reader is reminded of Figure 2-8. lnspection and logical reasoning affirms 
that the appropriate placement of a distributed generator/-resource (DG or DR) is as 
close as possible to either or both (all) of the problematic non-linear loads. The 
amount of DG mould depend on a cost function, specifically tailored to determine 
the relevant ratios, and the individual capacity (power rating or capability) of each 
unit. Another approach would be to repeatedly examine the whole scenario (Figure 
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2-8 termed a scenario) if the option of a single sizable DO resource is used and this
should reap varying benefits if applied at different points in the system; necessitating
a cost function to measure the performance/impact of/on the system. Inspect Figure
2-9 with the proposed alterations.

The combination of the two source impedances lowers the overall source
impedance seen by the load and effectively reduces the impedance that causes the
harmonic component voltage drops. The DO source is also connected much closer
(geographically) to the non-linear load and the need for long transmission lines that
have high inherent impedance values is reversed. Of main concern is the capacity of
the connected DO source - a high power rating capacity could be applied with much
more effectiveness with the aid of active control measures. This results in an overall
improvement of the power quality (PQ) in the network in varying degrees depending
on the capacity of the DO source (and adopted control measures). As is shown in
Figure 2-9, the connection can either be made at the point of common coupling
(PCC) (or via a greatly shortened transmission line, or cable), or directly at the
intended loads as shown in the middle part of Figure 2-9. This reduces line lengths
even further. Separate DO units could also be connected, one to every load,
depending on the rated size of both the load and DO.

DG
Source

Point r:A Common Coupling (PCC)

Non-Unear

Load 3

DG
Source

NorrUnear
Load1

Point of Common Coupling (PCC)
or Symem Bus

Figure 2-9: A suggestion for the use ofDG in the example discussed in Section 2.3.2.1 (29].

2.3.4 Power Issues in Distributed Generation

The most common symptoms associated with power quality (PQ) problems in
systems that include DO are [34]:

.:. Harmonic distortion - The injection of currents having frequency components
that are multiples ofthe fundamental frequency.

.:. Voltage imbalance - The grid voltage does not have identical voltage
magnitude on each phase, and a 1200 phase shift between each pair of phases.
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*:* Voltage regulation - The upholding of the voltage within an acceptable range 
at the point of delivery to each customer. 

*:* System losses - The active power losses in the whole power system 
(transformers, lines etc.) 

-3 Flicker - The repetitive and rapid changes of voltage, which has the effect of 
causing unacceptable variations in light output and other adverse effects on 
power consumers and their equipment. 

*:* Direct current injection - This can cause saturation and heating of 
transformers and motors. Can also cause these passive devices to produce 
unacceptable harmonic currents. 

Power quality (PQ) refers to a wide spectrum of electromagnetic phenomena that 
describe the voltage and current at any given point in the system. The categorization 
of electromagnetic phenomena is given in Table 2-5. Key aspects of major relevance 
are discussed. 

Table 2-5: PQ phenomena classification. 

Long Duration Voltage Variations 

A variation of the rms-value of the voltage from nominal voltage for a time 
greater than 1 min. Long duration voltage variations can be either over-voltages or 
under-voltages. These variations are generally not the result of system faults, but are 
caused by load variations and switching [35]. 

An over-voltage refers to a measured voltage having a value greater than the 
nominal voltage for a period greater than 1 min. Typical values are 1.1 to 1.2 pu 
[36]. Over-voltages can be the result of load switching, or variations in the reactive 
compensation on the system. Poor system voltage regulation capabilities or control 
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results in over-voltages. Incorrect tap settings on transformers can also result in 
system over-voltages. Figure 2-10 shows a typical over-voltage waveform. 

-re 2-10: Typical over-voltage waveform [3q. 

A measured voltage having a value less than the nominal voltage for a period of 
time greater than 1 min. Typical values are 0 . M . 9  pu [36]. Under-voltages are the 
result of the events which are the reverse of the events that cause over-voltages. 
Overloaded circuits also result in under-voltages. 

Waveform Difortion 

A waveform distortion can be classified as a steady state deviation from an ideal 
sine wave of power frequency characterized by the spectral content of the deviation. 

Harmonics 

Harmonics are sinusoidal voltages or currents having frequencies that are integer 
multiples of the frequency at which the supply system is designed to operate (termed 
the fundamental component) [36]. 

Harmonics combine with the fundamental voltage or current, and produce 
waveform distortion. Harmonic distortion exists due to the non-linear characteristics 
of devices and loads in the system. Non-linear devices can usually be modelled as 
current sources that inject harmonic currents into the power system. Voltage 
distortion results as these currents cause non-linear voltage drops across the system 
impedance. Harmonic currents result from the normal operation of non-linear 
devices on the power system. Figure 2-11 illustrates the waveform and harmonic 
spectrum for a typical adjustable speed drive input current. 

Figure 2-11: Variable speed drive iuput current waveform m d  harmonic spectrum [3q. 
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Inter-harmonics are voltages or currents having frequency components that are 
not integer multiples of the frequency at which the supply system is designed to 
operate [36]. They can appear as discrete frequencies or as a wide-band spectrum. 
Inter-harmonics can be found in networks of all voltage classes. 

Notching 

Notching is a periodic voltage disturbance caused by the normal operation of 
power electronics devices when current is commutated from one phase to another 
[36]. Voltage notching represents a special case that falls between transients and 
harmonic distortion. Since notching occurs continuously (steady state), it can be 
characterized through the harmonic spectrum of the affected voltage. 

2.3.5 Power Quality and Distributed Generation 

The objective of distribution system design is to supply customers at a voltage, 
which is within a prescribed, acceptable (or desired) range. Two voltage ranges are 
specified by ANSI (American National Standards Institute) [22]: 

*:* Range A, covering normal operation - 0.95 pu-1.05 pu; and 
0% Range B, covering a wider range for infrequently occurring circumstances. 

Normal variations in load, and DG operations, fall into the category covered by 
Range A. The service voltages in South Africa are to be between 209 V and 23 1 V, 
on a 220 V base. Distribution system voltage regulation design is based on relatively 
predictable daily and seasonal changes in loading. It can be assumed that loading on 
the various sections of a feeder follow more or less the same pattern over time. 

Without DG, power flow is always unidirectional, and decreasing in real power 
(kW) magnitude with increasing distance from the substation. The addition of DG to 
a system can radically shift power flow patterns and make them unpredictable. 

Net power flow can potentially reverse over a portion of the feeder or even over 
the entire feeder if DG production exceeds the load present at that specific time. 
These load flow variations can make it difficult to maintain adequate voltage 
regulation. Also, this unconventional load flow patterns can cause distribution 
system voltage regulation devices, such as step voltage regulators (SVR), load tap- 
changers, and switched capacitor banks to respond inappropriately. 

Extensive case studies must be performed to assess the impact of DG on a 
distribution system and the distribution feeder's voltage profile. DG penetration can 
be increased in a system to observe the impact on the voltage regulation. DG 
penetration is defined as the ratio of the sum of all the DG output ratings on a feeder, 
divided by the base feeder peak load. 

DG locations on the feeder must be evaluated for the following scenarios: 

*:* distributed uniformly along the feeder 
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lumped at the beginning of the feeder 
*:* lumped at the middle of the feeder 
O lumped at the end of the feeder. 

2.4 Reliabilitv. Cast and Plannine - the anta~onized Relationshin 

Reliability, cost and planning are intricately and intimately tied together and will 
be discussed shortly. As can be expected, cost and reliability are proportionally 
knitted together in their relationship - generally in terms of energy production, the 
more installed equipment costs, the more reliable it can be expected to be. It is with 
this in mind that planning has been altered to become known as value-based 
planning. 

When referring to "reliability" in power networks, what is meant is the 
availability (continuity of service [2 ] )  of electrical energy to the customer (consumer 
or load). A reliable power system is characterized by an uninterrupted supply of 
usable electrical power for an indefinite length of time (a permanent supply all the 
time). To achieve this utilities have to invest considerable financial amounts as well 
as time and effort (careful consideration) in planning the power network to realize 
the goal that is reliability. 

Cost plays a major role in planning as the developer frequently has to decide 
which one of a multitude solutions (by and large this is the case) best suits the 
application and the effective management thereof. More often than not it boils down 
to high initial investment but savings in the long run; or lowered initial expenditure 
but increased running costs. Therefore, the planner has to take into consideration 
what solution not only satisfies the immediate requirements, but poses to be a 
sensible solution from an economic point of view for the future. 

Planning is the final part that considers both reliability and cost concerns and is 
governed by the design specifications, type of solution developed, materials and 
processes required to realize the solution and a multitude of other influences and 
requirements that ultimately determine the final solution. All of these are discussed 
in greater detail in Appendix B and the reader is encouraged to study the individual 
influences of each as appended to the document. 

2.5 Summarv and Conclusion(s) 

There exists a wide variety of technologies and this allows for the immediate and 
appropriate adaptable use of distributed generation (DG) to meet specific load 
demand and requirements. The technologies exhibit efficient and effective operation 
in general. The pebble bed modular reactor (PBMR) is a good representative 
substitute for most of the technologies and is suitable for use as the principal 
distributed generation power resource to study the effects of DG on power quality 
(PQ) in power networks. 

Power quality (PQ) is of chief concern in existing power networks and the 
potential for improvement of the situation with the aid of DG is an eminent reality. 
PQ invariably influences system performance and must be considered if effective 
power transmission is the desired goal. 

-- - --- 
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Value-based planning (VJ3P) is a useful technique and is intimately tied to the 
antagonized relationship between cost and reliability. An important element is to 
quantify how much the planner values effective and reliable service by analyzing the 
cost of improvement. 
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Chapter 3 

Power Svstem Scenarios 

3.1 Introduction 

In this chapter three scenarios are presented as well as the related calculations and 
assumptions that led to the establishment of the scenarios. For the purpose of this 
study it was decided to explore certain aspects of distributed generation (DG) and 
the related impacts regarding power quality (PQ) by simulation of the chosen 
scenarios with the aid of simulation software. The "impacts on P Q  being how much 
the various waveforms of the system are improved (if at all) - i.e. how well the 
waveforms are improved by removing the harmonic components that distort them. 

It is assumed the reader is at familiar with the software used. Due to its universal 
0 .  recognition MATLAB@ is used for the simulations. Simulink SmPowerSystems 

blockset models are presented to the reader and the developed MATLAB-code for 
the m-files written in the study are provided on a supplemental documentation CD. 
The sirnulink@ modelling blocks and scenario models developed by the author 
during the study are appended in Appendix C. 

The various values (line-, machine- and non-linear load calculations) were 
calculated using ~ a t h c a d @  2001 Professional. These worksheets are appended to the 
document in Appendix D and the reader can easily verify the calculations regarding 
each scenario. 

3.2 Methods and Assum~tions 

All the calculations are based on the per-unit system. It is assumed the reader is 
familiar with the per-unit system and it will not be explained. The chosen base 
values are presented in Table 3-1. Additionally. the related equations and 
characteristic system values are provided. In the first column contains the chosen 
values defining some of the fundamental characteristics of the system(s). such as the 
thermal current limit [26] that defines limits for the amount of power certain 
transmission lines can safely cope with. 

The second column contains the initial per-unit calculations that form the basis of 
the per-unit analysis of all the scenarios. These base values were chosen uniformly 
for all the scenarios to facilitate comparative evaluation of different scenarios. 

The third column contains additional equations that assisted in improving each 
scenario to lend a realistic approach in the study of them. The first equation in the 
column is the well-known method to switch between per-unit systems where base 
values may differ, the second is to determine the thermal loading limit of the various 
lines in the scenario (each voltage level corresponding to a proportionally related 
power delivering capacity), and finally, the two equations at the end of the third 
column are basic rules for calculating reasonable values for both the snubber 
capacitance as well as the -resistance for the snubber circuit of a three-phase full- 

..- - 
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bridge diode rectifier as used in the scenarios to introduce the reality of non-linear 
loads in the power system. 

Table 3-1: Summary of the relevant mathematical equations. 
- 
Characteristic SeMri0 Valu' 

'requency: f = 50 Hz 

Sample Time; T = 5 x lo-' s 

Thermal current limit of line 

the system; 1,- = 1000 A 

Base Values 

S = P, = Qh = I00 MVA 

uhere Sh is base apparent power in VA; 
nh is the base active power; Qh, is the 
lase reactive power. 

V-, = & x Vb__ = 275 kV 

where V,, is the base line-line voltage 
in V; Vh ',, is the base phase voltage in 
v. 

where Ih is the base line current in A. 

Z _ = R  = X  =k 
h. - o 756.25 R 

%" 
where Zkw is base impedance in R; R a ,  is 
the haw: resistance; Xh is the base 
reactance. 

I 
Y = G  = B  = - r 1 . 3 2 2 ~ 1 0 ~ '  
b" hS h 

zb- 
where Yh is base admittance in mho; 
Glwv is the base conductance; Bh is the 
base susceptance. 

- 
Addiiional Equations 

where Zm , is the referred per-unit 
~mpedance afler change of base; Z ,  
dd is the initial per-unit impedance; 
V h ,  is the initial base voltage in 
V; Vk is the new base voltage in 
V; Sb is the initial base apparent 
power in VA; Shm. is the new base 
apparent power in VA. 

where S,hnnol is the thermal apparent 
power limit in VA: I'hLL is the line- 
line voltage rating of the line in V; 
I,hm, is the thermal current limit in 
A. 

9 T C, < ; R, >2' 
1000(2. x .  f )Y' c, 

where C, is the snubber capacitance 
in F; P, is the nominal power in W ; j  
is the frequency in Hz; V,, is the 
nominal voltage in V; R, is the 
snubber resistance in a; T, is the 
sample time in seconds. 

Assumptions made for the study of the scenarios are: 

The system and the effects of power quality (PQ) on it (its response to varying 
levels of PQ) can be investigated by means of a steady-state analysis therefore 
eliminating the need for protection equipment that clutters the simulation 
model and unnecessarily complicates the development thereof. 

*:* Incoming lines (feeder lines) can be substituted and accurately modelled by 
synchronous generators. This was done to limit the pool of available power so 
as to realistically allow for the propagation of harmonic pollution through a 
power network. 

9 Three-phase transmission lines can realistically be modelled by three separate 
x section line models. The separate models are each connected to a separate 

-. 
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phase and therefore the system can be presented and investigated as a three- 
phase system while the trusted approach of single-phase analysis is still 
adopted and maintained. 

*:* Harmonic pollution can be introduced to a power system by adding non-linear 
loads to it. The non-linear loads are connected in parallel with the existing 
loads to represent the non-linear load component of the load and it is assumed 
this is an accurate representation. The non-linear loads are chosen of such size 
that the Total Harmonic Distortion (THD) sufficiently exceeds the limit of 3 % 
as imposed by NRS 048 (Section 2.3.2.3) but not by an exaggerated margin. 
The author's judgement was regularly applied to determine this margin - as 
long as most of the load buses in the system exceeded 3 % THD. The 
distributed case of these non-linear loads include that an equal size of these 
loads are chosen. To ignore this entails choosing a unique amount of power for 
each non-linear load and formation of the scenario becomes too calculation 
intensive. A modelled non-linear load consists of a transformer supplying the 
necessary operatinghominal voltage (and of sufficient power rating) for the 
full-bridge diode rectifier that in turn feeds a purely resistive load - all these 
components require calculations that are clearly presented in the ~a thcad@ 
worksheet (Appendix D). 

*:* Transformers are modelled without tap-changing control - a direct result of 
the first assumption regarding steady-state analysis. 

*:* Generator control is ignored during analysis - once again; this is due to the 
steady-state analysis of the system(s). 

4. The PQ of a scenario can be improved significantly by adding generating 
equipment of lesser but sufficient size. This is done by adding modelled 
pebble bed modular reactors (PBMRs) at strategic points in the scenario 
designated for their attributes regarding improvement of PQ in the system. The 
improvement is measured by a developed cost function (Chapter 4) that 
returns an index gauging the performance of the improved system versus the 
cost of improvement (This is discussed in Chapter 5). 

The reader is referred the calculations of each scenario as presented in Appendix 
D. This will aid in providing a clear indication of the reasoning (assumptions made) 
regarding the construction and the method of investigation of the scenarios. The 
worksheet is well commented with extensive notes explaining the necessary 
variables and their calculations. Studying the worksheet in its entirety will clearly 
define and illustrate the use of the calculations presented in Table 3-1. 

3.3 The Scenarios and their Devdo~ment 

The third scenario was entirely provided by ESKOM (the national utility) and 
lends a much more realistic appeal to the study. The first and second scenarios are 
entirely fictional and were developed using the guidelines and ideologies of the 
scenario provided by ESKOM. Many of the given characteristic values (line model 
values, transformer ratings and impedance values, etc.) are repeatedly used between 
the respective scenarios. It was decided to do this as it ensures a realistic response 
from each scenario under investigation and the response is judged according to 
expected system performance. 

The effect of Distributed Generation on the Quality of Power. 36 



Power System Scenarks 

More often than not the cumbersome task of compensating the transmission lines 
to maintain desirable voltage levels throughout the whole system was encountered, 
but this was usually solved by intuitive judgement and inspection of the system's 
response. The methods for the calculated amounts of compensation are not 
presented. 

As with all power flow studies it follows that certain buses need to be identified 
and this is also the case in this study. For each scenario where an incoming line is 
substituted by an equivalent generatorlsource, certain bus types are choseddefined. 
The bus typc is determined depending on the information available for a bus. Some 
of the information for a bus is chosen bv the researcher bv means of an educated 
guess. Table 3-2 lists the bus types and their respective descriptions describing the 
various attributes/characteristics and inputs (or givenlrated information) of each. 

The scenarios after improvement are left for later discussion in Chapter 5. The 
placement of the pebble bed modular reactor(s) (PBMR(s)) is clearly illustrated and 
the amount of improvement as measured by the said cost function is discussed in 
detail. These scenarios are the "basic" (or "raw") systems that were developed/given 
for study and used to demonstrate the goal@) of this study as stated earlier in this 
chapter; Sections 3.1 and 3.2. 

Table 3-2: Power flow analysis bus types 1351. 

Swing Bus / Only one suing bus  an be defined for a system and thls 1s the reference bus. I e. where Y__LJmm 1s / 
h o w  and is typically chosen as I.OLO0 p.u.. This is the input data for the bus. During power flow 
nnalysis P ,,,. and Q ,,,, is calculated. 

Load Bus / The lnputs for Ulls bus type are P , d  and Q,d. Ptm,and 6,dare computed Mast buses are of this type 1 
I 

I Vdtugr-eonlmllrdB~rs P ,,, and are the inputs. The computed unknowns are Q m,,,,, , and 6 ,,,," ,. Examples of  these / 
/ buses are where generators. switched shunt capacitors, tap-changing transfornwrs, or slalic-var systems 

are connected. Additional input data are the maximum- and minimum var limits (QG,,,dm and 
A;c,m,m,,,) that the respective equipment can supply. 

3.3.1 The First Scenario 

A common occurrence in a power system is that loads are distributed along a 
series of transmission lines forming a long line. For the purpose of this study it was 
decided to investigate the case where a series of medium-length transmission lines 
rated at 275 kV feed a series of loads at each bus. The incoming line that acts as the 
source for the scenario is modelled by a synchronous generator of sufficient rating 
(Table 3-3) and of which the characteristics were chosen such as to represent the 
substituted line as accurately as possible. 

The first few loads are relatively small with two large loads at the end. The 
majority of the power drawn is situated at the end so as to fully load the series of 
transmission lines up to its end. Inspcction of the system presented in Figure 3-1 
reveals that a rather costly amount of reactive compensation is required to maintain 
preferred receiving-end voltage levels (i 1 pu). 
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Fin 3-1: Scenario 1 conslsts ofa series of medi~m-length lines wilb loads at intervals. 

Table 3-3 presents the summarized data of the scenario. All the line-, 
transformer- and machine data as well as global system specifications are listed. The 
majority of the data originated from reliable sources (research material, ESKOM, 
experts in the field) or was carefully chosen under advisement from said authorities. 
Many of the characteristics of the system are calculated from this data as presented 
in Appendix D. Table 3-3 is the in ut data for the developed sirnulink@ models of C each scenario. All the Smulii models of the scenarios discussed here are 
appended in Appendix C. 
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Table 3-3: Detailed data summary of Scenario 1.

3.3.2 The Second Scenario

In this scenario another common electric transmission system configuration is
investigated. A load, such as a town or city, regularly has more than one incoming
line/feeder. For this case it was decided to construct a scenario where three incoming
lines supply a common load and the system has a Y-shaped look to it with the load
situated at the point where the three lines meet (Figure 3-2).

The three respective lines are each independently connected to a source - a series
of incoming lines, a bus, a substation, etc. - and these can be concluded to be
infinite buses. Realising that a line is rated for a limited amount of power only (due
to the line's thermal loading- and stability limit) and because protection equipment
also limit the power transmitted, it follows that this cannot be an unlimited pool of
power as an infinite bus suggests"".An infinite bus will also dampen or filter the
effects of harmonic pollution and this is detrimental to the purposes of the study.
This is then, once again, the reasons why generating machines are used to substitute
the incoming lines and to represent these infinite buses.

/" The machine data - in particular the inertia (ll), damping factor (Kd)and the pairs of poles (PO)
- were chosen as listed ITom available Simulink@ demonstrations repeatedly showing that for
substitution of transmission lines these values are valid/applicable. These values enable stable
simulation of the scenarios. The machine models (per-unit Simplified Synchronous Machine(s) in this
case) are dependent on their own per-unit system defined by base values supplied by the user.

/" ThisisvalidforScenarios1and3 as well.
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Machine Data'"
Connected Bus Nominal Line-Line Inertia Damping Pairs of Internal 1m tedance (ou)

to Bus Type Power Voltage H (see) Factor Poles Resistance Reactance

no. # S.(VA) Vn(Vrm.) Kd (T nu/ronu) pO R X

I Swing 1000 x 106 275 x 103 00 0 I 0.007 2.185

4ICihimacli(lmiii/Ji:{&:eswerqpCllculaii4and (6i:,.er,i:ere;'redtQ:4JJpendi'x.l>1Vbereii,ssbown in"ihgworkSheet.
Line Data AII the listed values In

Line From Bus x to Resistance Inductance Capacitance Length , thistableare the
no. # BUSy-x-+1I R (nIkm) L (HIkm) C(F/km) I (km) required infJ1Jtdata for

I 1-+2 6.22024 x IO-z 1.01686 x 10-3 1.15368 x 10,8 87.78 . the Simulinklj) model of

2 2-+3 6.19099 x IO-z 1.01499 x 10'3 1.15369 x 10-. 133.88 Sniifio 1. All the

3 3-+4 6.19218 x IO-z 1.01492 x 10-3 1.15371 x 10'. 107.23 values are for a system

4 4-+5 6.18874 x 10-. 1.02047 x lo,j 1.14772 x 10-. 166.80 operating at J.(JHertz.

Alli6i:Ji'nf:.ri'niiii:ki&:esjJlJ:FecalCi,lqtedandt6i:fga(J!:E,srefffiediQADQindi'x15whgreiOs Sb0\11'1in the 1VQrkSheet.
Transformer Data VTlteresPe.ptillewinding

From Bus x Nominal Primary Winding Secondary Winding Tertiary Winding ypltages of the

to Bus y Power Imnedances (ou) Impedances (ou)' Impedances (ou) I transformers lire

S. (VA) R, L, R, L, RJ L,f clearly visi'fJ.lein figure

1-+1 Load 400 x 106 0.002 0.08 0.002 0.08 0.002 0.08 3.1 and are therefore

2-+2 Load 300 x 106 0.002 0.08 0.002 0.08 0.002 0.08 not listedin the table,
The reactive

3-+3 Load 300 x lOb 0.002 0.08 0.002 0.08 0.002 0.08
c()rnpensationin tM

4-+4 Load 300 x lOb 0.002 0.08 0.002 0.08 0.002 0.08 system is also dear.
5-+5 Load 300 x lOb 0.002 0.08 0.002 0.08 0.002 0.08
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~. 
Bus 1 Bus 2 

275 kV Voltage-Conmlled 

Line 1 Line 2 
'\ BUS 1 -Bus4 Bus2-Bus4 -- Incoming 

133.88 km -,, Three-Phasesource 
'\- Y " ~ ~ ,  Lim 1 (275 k q  

4001132 kV 2751132 kV 

Re- Bank 

,. \ 300 MvDr (..~~ 
Bus2 - -' '275130 kV 

Tmnsformer 1 Transformer 1 \\ 
, Bus2 

Bus4 CapdCitDrBank 

\ \\ 100 Muar 
Capacitor Bank 132kV Capadtor Bank BUST 

300 Mvar k 300Mvar 
BUS 1 Bus 2 

t - 360.08 Mvar 

ki- 475 MW Nowlinear Load 

,32130 kV Capacitor Bank 
700 Mvar 

Transformer 4 

I 
BUS 4 

lnmnlng ' ,VoHageConUolled 
Three-Phase Swrce Bus 

Lme 2 (275 kV) \, 

300 Mvsr -- - - 

Bus r ? 300 Mvar I 

\ 
Bus3 system frequency (f 1 for Me whole system: 

r= 50 Hz 
Line 3 I Voltage transmisrim iwel(s): 

275 8 400 kV ( ~ I M  MMge) 

275130 kV 

Bus 3' 

1 

@ure 3-2: Scenario 2 is a system with transmission lines meeting at a common point. 

100 Mvar 

Looking at the given line diagram, noticeable amounts of reactive compensation 
is w ~ e ~ t e d  to the system. This is mostly for the sake of stability when simulating 
the scenario in sirnulink@ and to allow for realistic impedance values to be used in 
the machine models to accurately represent the substituted lines. 

Bus 3 

A minor side-effect is that this reactive compensation equipment act as filters that 
filter out the hannonic comoonents to a sli& degree. but the total contribution is 

275 kV 

" ,  

negligible and was ignored during the study."The large capacitor bank at the load bus 
is purely for line loadability and -regulation purposes. Again, Table 3-4 summarizes . . 

the relevant data of the system. The Hame comments, as mentioned earlier, apply. 
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Table 3-4: Detailed data summary of Scenario 2.

3.3.3 The Third Scenario

At the start of this study it was advised to consult the local utility (ESKOM) to
provide input on problematic scenarios, either in the existing electrical power system
(EPS) or any hypothetical scenarios to their knowledge. The following scenario was
provided and the extensive attention to detail indicates that this is a practical realistic
scenario and exists. Input from ESKOM lends the study credibility and adds some
purpose to the study as it illustrates a practical application of the outcomes for this
study. The non-linear loads are the only detail not provided. This was added by the
author using the same measures as for the preceding studies where non-linear loads
are implemented.

This is the scenario that benchmarks the whole study's approach to solving the
problem, namely, when harmonic pollution leads to poor power quality (PQ) in
transmission networks. The proposed solution to this problem: to add power
generating equipment of limited size (pebble bed modular reactor - PBMR) at
carefully chosen points in the system while relying on the minimum amount of
equipment - thus the improvement of the system is measured by a developed cost
function (Chapter 4 & Chapter 5).
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Macbine Data
Connected Bus Nominal Line-line Inertia Damping Pairs of Internallnu t"dance(DU)

to Bus Type Power Voltage H (see) Factor Poles Resistance Reactance
no. # S. (VA) Vn (Vrms) Kd (Tn.lronu) pO R X

1 Swing 1000 x 10" 400 x 103 00 0 1 0.02 2.185
2 Voltage-controlled 750 x 10" 275 x 103 00 0 1 0.02 2.025
3 Voltage-controlled 750 x lOb 275 X 103 00 0 1 0.02 1.985

All the fl1Pchille imve<!f1l1ff$w!{re c;plculated and the reader is re erred to Appendix D where it is. hl;)wn in the lvorksheet.
Line Data All the listed values in this table

Line From Bus x to Resistance Inductance Capacitance Length are the required ifJputdata for
no. # Bus v-x-v R (0Jkm) L (HIkm) C (Flkm) I (kin) the SimulillkfJmodel of Scenario

1 1-4 6.22024 x IO'" 1.01686 x 10'3 1.15368 x 10" 87.78 2. All the values are for a
2 2-+4 6.19099 x lO.l 1.01499 x 10.3 1.15369 x 10" 133.88 system operating at 50 Hertz.
3 3-4 6.19003 x lO'z 1.02055 X10.3 1.14773 x 10" 68.05

'A11thdiiiTiiiiJg(fancswerf! c(j{Ciikiiea(jnCljlierea(}ii TS-"ff!rred tl;)Appendix J) whem iD$ $hQwn in the wQrj heet.
Transformer Data The respective winaing

Connected Nominal Primary Winding Secondary Winding Windinll Line-line Voltalles voltages of the
to Bus x Power Impedances (pu) Impedances (pu) Primary Secondary transformers arefairly

or to Line y S. (VA) R L, R, L, VI (Vrms) V1(Vrms) visible in Figure 3-2,

Bus I 400 x 10° 0.002 0.08 0.002 0.08 400 x 103 30 x 103
but the absent data is
listed in the tableforBus 2 400 x 10" 0.002 0.08 0.002 0.08 275 x 103 30 x 103 clarity sake. However,

Bus 3 400 x 10° 0.002 0.08 0.002 0.08 275 x 103 30 x 103 the reactive
Bus 4 800 x 10" 0.002 0.08 0.002 0.08 132 x 103 30 x 103 compensation in the

Line I (end) 750 x lOb 0.002 0.08 0.002 0.08 400 x 103 132 x 103 system is clearfrom

Line 2 (end) 500 x lOb 0.002 0.08 0.002 0.08 275 x 103 132 x 103 thefigure.

Line3 (end) 500 x lOb 0.002 0.08 0.002 0.08 275 x 103 132 X103
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Figure 3-3: The transmission system as provided by ESKOM - Seemno 3. 
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Due to the size of the scenario and the amount of detail, comments about the
scenario and its development are omitted. What can be said, though, is that the
system is well-designed - line regulation is excellent and the minimum of reactive
compensation equipment is necessary. A mentionable concern is the costly amount
of lines that feed common buses, but the parallel lines do have advantages far above
the advantages of adding compensation to improve line performances and power
transmission capability. Unfortunately, construction of new transmission lines
remains much more expensive. The technical data and specifications of the scenario
are once more presented in the summarized version of Table 3-5.

Table 3-5: Detailed data summary of Scenario 3.
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MacbineData
Connected Bus Nominal Line-line Inertia Damping Pairsof Internal 1m rH!dance (pu)

to Bus Type Power Voitage H (see) Factor Poies Resistance Reactance
no. # S. IVA) Vn(Vrm,) KrJ(Tnu/ronu) pO R X

335 Swing 1000 x 100 400 x 103 00 0 I 0.02 15

1350 Voltage-eontrolled 500 x 100 275 x 103 00 0 I 0.02 7.5

1350 Voltage-controlled 500 x 100 275 x 103 00 0 I 0.02 7.5

" AJl't" iiJA"i imiig(jg"'C:.gwe"'eC:.qliifjlaigdQ!J4.lhg,.e@e,.iste,gi:i:eil{()AiiiiiKJJi.whgi:e,iil1iownln't1iewo."'Ic$Iii/iii.
Line Data All the listed valUesin this table are t1ie

Line From Bus x to Resistance Inductance Capacitance Length requiredlftpUt datafiJr the Simulink@
no. # Bus v-x-+v R (OIkm) L (HIkm) C (FIkm) I (km) model ofScenarip 3. All tvalw.s are

1 1350-+1163 6.20906 x 10'2 1.03323 x 10'3 1.13537 x 10' 147.01 for Q§Y.s*rnoperdlingat 50 Hertz,
I 1163-+ 1360 6.21166 x 10'2 1.01928 x 10'3 1.14815 x IO' 68.30

2 1163-+ 1360 6.19003 x 10'2 1.02055 x 10'3 1.14773 x 10'. 68.05

I 1163-+1365 6.22024 x 10'2 1.01686 x 10'3 1.15368 x 10'. 87.78

2 1163-+ 1365 6.21927 x 10:2 1.01698 x 10'3 1.15366 x IO' 91.32

I 1360-+ 1363 6.22279 x IOCT 1.01697 x 10'3 1.15367 x 10' 110.47

I 1365-+ 1204 6.19099 x 10'2 1.01499 x 10'3 1.15369 x IO' 133.88

2 1365-+ 1204 6.18868 x 10'2 1.02055 x 10'3 1.14772 x 10'. 133.93

I 1204-+1375 6.19218 x 10'2 1.01492 x 10'3 1.15371 x 10'. 107.23

2 1204-+1375 6.23329 x 10'2 9.91791 x 10-4 1.16487 x IO' 89.78

I 1375-+ 1380 6.18874 x IOCT 1.0204 7 x 10'3 1.14772 x IO' 166.80

4lrt6."lir,e!mpe(jgijfeswre£glC#lqre(Jgi;dmerear Is'reJerreili04
;.", FC in :c iit tbeworksheet.

Transformer Data The respective winding voltages ofihe
Transfonner From Bus x Nominal Primary Winding Secondary Winding transformers are clearly visible inFigure

no. # to Bus y Power In/Dedances (pu) Inwedances (pu) 3,3 and are therefore not listed in thiitab/Q.;
S. (VA) R, L, R, L, The reiii/livecotnp(4nsationiq}he system is

I 1350-+2390 500 x 106 0.002 0.08 0.002 0.08 also clear.

2 1350-+2390 500 x 106 0.002 0.08 0.002 0.08

I 335-+ 1163 400 x 100 0.002 0.08 0.002 0.08

2 335-+ 1163 400 x 106 0.002 0.08 0.002 0.08

3 335-+ 1163 400 x 106 0.002 0.08 0.002 0.08

I 335-+ 1314 300 x 106 0.002 0.08 0.002 0.08

I 335-+ 1317 300 x 106 0.002 0.08 0.002 0.08

I 1360-+2575 500 x 10° 0.002 0.08 0.002 0.08

2 1360-+2575 500 x 100 0.002 0.08 0.002 0.08

I 1365-+ 1270 250 x 106 0.002 0.08 0.002 0.08

2 1365-+1270 250 x 106 0.002 0.08 0.002 0.08

I 1363-+ 1299 180 x 106 0.002 0.08 0.002 0.08

2 1363-+ 1299 180 x 106 0.002 0.08 0.002 0.08
I 1204-+2935 150 x 106 0.002 0.08 0.002 0.08
2 1204-+2935 150 x 100 0.002 0.08 0.002 0.08

I 1375-+2400 250 x 106 0.002 0.08 0.002 0.08

2 1375-+2400 250 x 106 0.002 0.08 0.002 0.08
I 1380-+2441 125 x 106 0.002 0.08 0.002 0.08



-- . . Power System Scenwios 

3.4 Results of the Scenarios 

In this section the initial generated data of each simulated scenario is presented. 
The method of simulation is consistently applied to the scenarios. The simulation 
parameters also remain constant. refer to Table 3-6. 

Table 3-6: Simulation parameters used for the simulations. 

Sample Time - T, 

The first step is to initialize the machines that act a$ sources to the system. This is 
done by opening the PowerGUI. The model is discretized by supplying the sample 
time as listed by Table 3-6 in the designated input field. Next the "Load Flow and 
Machine Initialization" sub-routine is run to initialize the machines in the model. 
When the sub-routine has finished updating the machine "initial conditions" the 
simulation is run. When the simulation finishes the PowerGUI is once more opened. 
Now the user selects the "FFT Analysis" sub-routine, where the total harmonic 
distortion (THD) of both voltage- and current waveforms can be evaluated by 
selecting them in the "Structure" fields. Important to note is that a carefully chosen 
start time for the FFT analysis must be used -preferably when the whole system has 
reached steady-state operation - or else the harmonic components from the Fourier- 
analysis will not be accurate. The root-mean-square measurements (nns) of the 
three-phase waveforms (under the "Measurement Scopes" block of each scenario 
model) assist in determining when steady-state has been reached. 

In general, the steady-state requirement is met after about 0.3 seconds of 
simulation and the chosen time instant for FFT-analysis is uniformly kept at 0.5 
seconds. Other available measurements are the various waveforms at each 
measurement bus in the system also under the "Measurement Scopes" blocks of 
every scenario model. Another important requirement that begs mention is the 
terminal voltages (PowerGUI) of the generators. These need to be increased once 
non-linear loads are connected to maintain voltage levels throughout the 
transmission system. 

Many of the scope blocks in the "Measurement Scopes" block of each model are 
set to write their generated measured data to the MATLAB-workspace where it is 
used (but not all of it) as the input for the "FFT Analysis" sub-routine of the 
PowerGU1. The rest of the data is used as input for the m-files (cost function) to 
measure the systems' performances. This pool of data is the measured power (active 
and reactive) of each bus, the voltage waveforms and the total harmonic voltage 
distortion (THVD). 

Bearing in mind the appearance of the following output data set (measurement 
scopes); the specific output data for each scenario is presented in a tabulated format 
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under the relevant headings. Figure 3-4 is a typical pool of generated simulation
data.

Three-phase P & Q Root-mean-square Vabe

Root-mean-square labe

. ,

Figure 3-4: Typical measuements for a measurement bus.

On the left of Figure 3-4 is the measured simulated waveforms for each of the
three phase-voltages - a-, b- and c-phase (top left); all three phase current
waveforms are shown in the bottom left "scope". The vertical axis is the measured
per-unit magnitude simulated and the horizontal axis is the simulation duration in
seconds (the measurement plot time of the scopes).

In the middle of Figure 3-4 is the measured instantaneous active power (P) and
the -instantaneous reactive power (Q). The instantaneous active power and -reactive
power is given by (3.1)

p(t) = va(t)ia(t) + Vb(t)ib (t) + ve(t)ic(t) and

q(t) = ~( vbc(t)ia (t) + Vca(t)ib (t) + Vab(t)ic(t))

(3.1)

where p(t) is the instantaneous active power; va(t) is the instantaneous a-phase
voltage and ia(t)is the instantaneous a-phase line current (similarly for the remaining
phases); q(t) is the instantaneous reactive power; Vbc(t)is the instantaneous line-line
voltage (b- and c-phase) and ia(t) as already defined (again, similarly for the
remaining phases).

It must be said that the active power in (3.1) remains true for harmonically
distorted and unbalanced conditions, but the reactive power is only valid for
balanced harmonic-free conditions. This measurement is ignored and is calculated
with other proven methods (discussed and illustrated in Chapter 4).
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In the right of Figure 3-4 is the measured root-mean-square (rms) magnitudes of
both the phase-voltages and -currents. The axes are defined as before (waveform
measurement).

FFT window: 1 of 50 cycles of selected signal
2

Structure:

;Swing_Bus_VI3

Input:
'
..

~-~-"'~'~ ~ ~'3
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Figure 3-5: FFT-analysis of the a-phase voltage waveform in Figure 3-4.

Figure 3-5 demonstrates the appearance and functioning of the FFT-Analysis sub-
routine of the PowerGUI. A snapshot of the a-phase voltage waveform (top plot in
Figure 3-5) is taken after a period 0.5 seconds simulation. Steady-state has been
reached by the system and the FFT-analysis of the generated waveform is
considered to describe the expected normal operation of the scenario. The Fourier-
spectrum is plotted in the bottom chart and the axes are clearly labelled.

3.4.1 The Results of Scenario 1

The results for Scenario 1 are listed in Table 3-7. This is the measured data
(generated through simulation) of concern and is the basis for the need of
improvement. In other words, this is the data representing the unimproved state of a
so-called developed worst-case scenario. The single-phase analysis approach
dictates that phase A is chosen as the reference phase to represent the measurements
of the whole system. All the values listed are the per-unit measurements forphase A
and all the systems/scenariosoperate at phase balance, i.e. there are no (or negligibly
minimal) unbalanced sequence components (Section 2.3.1).
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Table 3-7: Summarized data results for Scenario 1.

From the results it is seen that at Buses 3 Load, 5 and 5 Load the restrictions set
by NRS 048 are not met. The scenario is in need of improvement and it shall be
shown in Chapter 5 how this improvement is brought about. Another observation is
that, fortunately for this case, the largest loads with non-linear components are
situated at the end of the line and therefore there aren't any loads "further down"
that will experience the intensified effects of the harmonic pollution caused at buses
4 and 5.

Usually the real case is large "polluting" loads early in the power network and the
effects experienced by loads towards the end of the system is amplified by the
characteristics of the transmission system resulting reaching harmfully exaggerated
levels of harmonic pollution in the supply to these loads.

3.4.2 The Results of Scenario 2

The output for Scenario 2 is presented. Again the comments of the previous
section (Scenario 1) are applicable.

Table 3-8: Summarized data results for Scenario 2.

It is immediately evident that Buses 1 and 4 exceed the limits set by NRS 048.
Also worth mentioning that the most power is drawn from the swing bus (Bus 1) and
therefore this bus is subject to the largest version of the associated distorted current.
This results in a greater measure of harmonic distortion (ITHD) in this bus than at
the other two voltage-controlled buses (Buses 2 and 3). Furthermore, the machine at
Bus 1 has the largest internal impedance, this impedance is directly responsible and
accountable for the "generation" of harmonic components (section 2.3.2.1), and thus
the larger impedance will result in the larger amount of total harmonic voltage
distortion (VTHD).
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Bus Root-mean-square(rms) Root-mean-square(rms) Total Hannonic Voltage
no II: Phase VoltMe- V (pu) Phase Current - I (pu) Distortion - THVD (<Yo)

1 (Swing) 1.003 3.808 0.61
I (Load) 0.9473 0.2138 0.60
2 0.9986 3.586 0.65
2 (Load) 1.001 0.03078 0.79
3 1.004 3.454 2.10
3 (Load) 1.010 0.3752 3.99
4 1.009 2.952 0.73
4 (Load) 1.005 1.855 0.90
5 1.006 1.041 5.17
5 (Load) 0.9974 1.075 5.68

Bus Root-mean-square (rms) Root-mean-square (rms) Total Hannonic Voltage
no II: Phase VoltU1le- V(pu) Phase Current - I (DU) Distortion - THVD (<Yo)

I (Swin) 1.004 6.302 4.17
2 (Voltae-controlled) 1.001 4.103 2.12
3 (Voltae-controlled) 1.010 3.996 2.92
4 (Load) 1.000 14.520 4.14
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3.4.3 The Results of Scenario 3

The results of Scenario 3 are limited to a short discussion aimed at the most
important observations for this system. Once again the previous comments are kept
in mind regarding the presented results.

Table 3-9: Summarized data results for Scenario 3.

Not many of the buses exceed the limits imposed by NRS 048 and those that do
exceed these limits aren't by much of a margin. Still, there is a wealth of information
available to the observer of this system, as can be seen. The initial buses in the
system reveal little influence subject to the harmonic pollution of the system, but
further on in the transmission system the effects are more and more pronounced. Not
wanting to coin the rule and state crudely that the worst measure of distortion must
be expected at the end of the system, it does tend to be expected. As can be seen in
this case the worst amount of pollution is found at buses that have unique attributes
that allow for harmonics to flourish under those conditions; each bus has its own
specific conditions that are liable for the influences caused by the harmonics present
at the bus.

Buses 1204, 1375 and 1380 exhibit the largest distortion measures of the relevant
waveforms, but they all lead to other buses that show lower measures of distortion.
For this reason it has to be concluded that each bus is uniquely predisposed to the
influences of harmonic components due to the measurable characteristics
(impedances, etc.) of the bus which it inherits from connected equipment. In other
words, it is concluded that a certain bus uniquely experiences the effects of non-
sinusoidal (harmonically distorted) waveforms as a result of the inherent
characteristics (mostly impedance) of equipment connected to the bus and the bus
itself. This is valid for all three scenarios and for practical power systems in general
(section 2.3.2.2).

The effect of Distributed Generation on the Quality of Power. 48

- - - - - -- - - - - - ---

Bus Root-nrean-square (rms) Root-nrean-square (rms) TotalHarmonic Voltage
no#: PhaseVoltalle- V(pu) PhaseCu"ent - I (pu) Distortion- THVD(0/.,)

335 (Swing) 0.9847 3.512 0.58
1350 (Voltag;e-controlled) 1.005 2.331 0.44
2390 1.028 1.481 0.46
1163 (Load) 0.9974 4.125 1.03
1314 l.l 02 2.204 0.27
1317 l.l 02 2.204 0.27
1360 0.9854 2.719 0.96
1365 1.017 1.482 2.08
2575 (Load) 0.9734 2.775 0.70
1363 1.001 0.1744 2.07
1270 (Load) 1.016 0.1611 1.49
1204 1.032 0.9487 3.23
1299 1.008 0.1815 2.11
2935 (Load) 1.030 0.1635 2.36
1375 (Load) 1.031 0.7376 3.39
2400 (Load) 1.030 0.1636 2.87
1380 (Load) 1.009 0.1762 3.83
2441 (Load) 1.004 0.1587 2.36



3.5 Summary and Conclusions 

1.11~ chosen method ol' modelling the developed scenarios proved to be effecti\e 
and accurate. It \\as rather daunting at first to become accustomed and acconiplislled 
\\it11 the soft\\-are applied in the method and study ot' the nlodcls. but oncc this was 
achic\etl the investigation was k>und to be succinct and comprehensive. Ihc 
approxh  is realistic and scrutin! of the s i n d a t e d  results proves them as valid and 
accurate. 

This part of the prc!ject \\-as the most challenging: the time spent on data 
acquisition (which included correspondence with authorities that olien led to 
extended pcricids of tiustrated waiting for their reply): data prep;~~.i~tion \\as 
eutremel! inipcirtant - if the data \\as inaccurate the simulations were inconclusi\e: 
and finall!. i ~ l s t  getting the sini~~laticms to \\~)rl. (stable simulation) \\as a problem 
liaught with intuitive judgement. educatcd guesses. and repetitive adjustment i>f ;I 
multitude of \ariables (resulting in pcr~nutations numbering into the hundreds). 
Finall!. the verification of the sinlulation inodel> and generated data b;jsicall! 
repeated this \\hole proccss. 

I t  \\-as found that the results coincide ui th   hat was cxpccteil and the conclusions 
d r a n  concul- ni th the initial research ol' the study. k s c  conclusions. or 
COIlClllTCIlCCS. We: 

6:. I 'hc impedance of the sourer that t ' ~ ~ d s  a non-linear load is proportionally 
responsible for the measure of the resulting har~nonic distortion in the c i r c ~ ~ i t  
that leads to the load. and further on aticr the selected load. 

*:* There is no rule of thumb to clctcrniine the "weak spots" (points ~ i t h  the \\orst 
measure of harm>nic pollution) in a system. ~ ~ n l e s s  there is a11 isulatcd 
dominant non-linear load connected at a singular point in the scenario. It can 
onl) be cxpecteil ttr fall \vithin certain I-onges and inluiti\e iudgement is 
recl~~ircd rcj cstiti~ate these areas of conccrn in :I sccn;~rio mith distributed non- 
l incx loads. hleasurement of  the systcm is the onl? 11-ue manner b! \\hicli 
.'\\cnk spots" are deterniined. 

-3 II(cacti\e compensat io~~ equipment can act as at le~l~~ators ' l i l ters  to liarnionic 
equipment. but if not spcciticall! designed t b r  the purpose of filtering rhc 
compensation equiplncnl could casil! be damaged b? llarmonics present in tlie 
suppl? to such equipment. 

*:. Poor poner qualit! (PC)) exercises unneccssar!. strair on eclc~ipment in 
tnlnsn~ission nelnorks (poi\cr transfoliner magnelic circuit saturation. 
o \ e ~ - l d i n g  of lines. clevatetl voltage generation lc\cls of generating 
rquipnient. etc.) .:. The onl! true nieasurc of usable po\\er to 11 load'client is the i'undamental 
colnponcnt supplied to that load. hut oncc hal-nionics arc present. so m ~ ~ c l i  
nlore unncccssar> po\\er is being supplied and c o ~ ~ l d  lead to damaging results 
f h r  the load (if the load is susccptitlle and sensiti\c to such unh\c~ul.al.lc.~r;il>lc 
conditions). 

. . .. . - - 
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Chapter 4 

Measurin~ Scenario Performance 

4.1 Introduction 

At the start of this s t ~ d !  it \ \as  indicated that it is necessary to prove (or  quantif>) 
that a certain inws t ip ted  sccnario requires improvement. The improved scenario 
must. on the other hand. indicate no need for further impl-ovement. 4 l o ~ i c a l  
approach is to attempt to cluantif~ this '.amount of performance". beli~re and after 
improvement. The only foreseeable method is to de\elop a cost fnn~.tivn that 
mcasurcs this perlbrmancc and gi \es  the researcher a clear indication of the coht ol' 
the improven~cnt. i . ~ .  \\hen there is enougli impro\.ement meosurL,s plwsent i n  the 
scenario and further improvement \\auld he unnecessur! cis it \zould onl! lead to 
negligible rise in pcrlhrmance and be cost-inci't'ccti\ e. 

The aim of this chapter is then to guide the reader through and present the 
mathematics and reasoning related to the ~le\elopment of the said cost function. 
Finall) the cost function is presented and the measurement variables (or indicators) 
are explained. :\ tlo\\cI1;111 is :tiso provided to illustrate the method (or procedure) ol' 
the cost functicin. llic M A  H.4B"  m-lile(s) that calculates the mathcniatics is 
provided o n  the supplemental documentation CD and when studying the tlo\zchart it 
is recommended that the reader inspects the code in the m-tile as  well. 

Since the hl: \IL.\B"n-fi les arc scwral  lines of codc and iin!,cJ t ~ i  a hlicnisofi" 
Esecl spreadslicct (also of numerous \vorksheets): it \\auld be sensclcss to present 
them in this document. 1\11 soft\\arc rclatcd to the stud) is un the mentioned 
supplemental documentiition C'I). 

4.2 The Mathematics: Sinusoidal & Non-sinusoidal Calculations 

Firstly. it is important to note the I,llci\\ing: since many readers arc prohabl) 
acquainted \vitli the i n e n t i i n ~ l  (01- "sinusoidal") mathematics regarding 
"harmonic-free'i' (.vi~~ri.voi~/~r/) s!stcm anallsis studies. i t  is onl! succinctl! presented. 
flie mathematical analysis 01' s!.stenis containing lhar~nonic ( I ~ ~ I ~ - ~ ~ I I ~ I S I I ~ I / ~ I / ~  
\ \a\cfomis is in contrast \villi the eon\entional niathematics and is applied in this 
stud!. llie c;~lcul;~tions are done on a per-unit basis. unless stated othernisr. ;ind the 
p e r - i t  s t c n  is e i l i l  and easil) :ipplied in the mathematics ol' harm~inical l~  
distor~rd \ra\elhrms. 1:or interest sake. a concise and short comparison ot' tile 
computational differences beween the two niiithematical theories is ni3Jc in 
Appendix I.. This is done b! contrasting 1111. ~rcsults obtained b! ci)n\entional 
nia~hen~atics \\ill1 those \\it11 non-sinusoicial t'vr vnc scenario. 

4.2.1 Sinusoidal Mathematics 



The instantaneorts power is the product of 1 , (1 )  and i(t) 

Using the trigonometric identity 

for (4.2) results in 

The root-mean-quare (rms) values of v(t) and ~ ( t )  are 111=Vn,/v2 and )I(=1,$\2 
Lett~ng H = (8, - 83, (4.4) reduces to, in terms of the rnis values. 

where H is the angle between the voltage and the current. also known as the 
impedar~ce ur~gla. N is positive when the load is inductivc and it is said that the 
current lags the voltage, thus it is negative when the load is capacitive and the 
current then leads the voltage. Equation (4.5) consists of two parts - thc terms 
containing the cosine waveforms and the terms made up of the sine waveforms. The 
first part (cosine) is the energy flow into the circuit dissipated in the pure resistance 
of the circuit. The second part (sine) is the energy borrowed and returned to the 
circuit and it oscillates between the inductive and capacitive parts of the circuit. 

Now, consider the first part of (4.5) 

The second term of (4.6). with a frequency twice that of  the source, accounts for 
the sinusoidal variation in the absorption of power by the resistive portion of the 
load. The averaye value of this sinusoidal function is zero, thercfore the active (or 
real) power- delivered to the load is 

. . 
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The product of 1 I ' and I is the eipj~m,nr power and its LIIIII is wit-ampere (VA)  
\\bile cosfl is known as the 1~11iwr. ftr~.ror. \:hen the current lags the \oltagc. the 
polwr factor is considered lagging. and when the c u ~ ~ c n t  leads the \oltagc. it  is said 
to be a leading pone!. I'xtor. 

1 he second part ol' (4.5) 

pulsatcs at tnice the frcquenc! and has an a\erngc value of zero. This is power 
oscillating into and out of the load due to its reactive element (inductive. cap;lciti\c 
or a combination thereof). The amplitndc of this pulsating po\\er is termed I .~II ( . I I IY 
/X)ll'ei' 

and is measi~red in volt-ampere reactive ( \nr) .  Inducti\e loads mfiln n positive (., 
and capacirive loads relate to a negative L). Purc resistances result in (1 power factor 
cif unit!. 

Finall!. the cori~pies p o i w ~ .  is delincd Srom (4.7) and (-IL). Rewrite the 
instantaneous ~ o l t a g e  and -current expressions in their coniplcs rnis phasor 
representations. I '  = I LO, and I =) I LO,. and consider Figure 4-1 and Figurc 

Figurc 4-1: Pharor diagram and pobvrr trianele for a lagging poner  factor (inductit* load). 

This is a complr\ qi~antit) of \\hicIi tlic red part is the awl-age ~/c./ii.e, /)ou.er. P. 
and thc iinaginar! part is tlic c . i ,~ ic~ / i~~ ,  /~o~~.c'r. .  Q. This complex po\\er is the ~ r p p e r ~ ~ m ~  

r- 
 poi^.^^. S. gi\eii ti) ,C = 17' = I ) +  i p  and the niag~iitudc of S is I S = 41'' + (_/' in 

\'A (wit-amperes). 
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Figure 4-2: Phasor d~agram and power triangle for a leading power factor (rnpariti\e load). 

Expanding (4.1 i into (3.10) lo include three-phase sqstem studies crudely requires 
that the single-phase analysis presented ah01 c he clone for each of the three scparatc 
phases of the three-phase systelii [20] .  ,Idding the phase subscripts then results in 
the follo\\ing set of equations (the (I-subscript identifyinp/hrse (11: 

sirnilarl) for the h- and c-phase. 

I hus. S;, = IP.~,' + Q;;.' Vj2.  the tuagnitudc ol. the t1il.e~-phase apparent po\\-el.. V 
Ihis sct of equations is \ d i d  tor s)stenis \kith a measurable amount ol'unhalancc. 
hut ibr a balanced sqstem. thnr is a s!stem wlicre all the phnsc quantities are equal in 
magnitude. the) I U ~ X  to (4.14) 

. . 
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I t  should he pcrfccrly clear that the ~nathematics presented a h o w  is onl! \slid tiir 
.-harmonic-free" waveforms. The mathematics pertaining to harnionically distorted 
\va~efornis is subsequentl! discussed. IFriin~ hcrc on "hammnic-lire" \w\cfornis are 
temied .c.iiir~soicl~~l 11.oiyf0ims (or - \o l~ ;~gc .  -current. etc.) and harmonicall! distcirted 

efvrnis ;Ire hcncc known as i ~ o ~ ~ - . s i ~ ~ ~ ~ . s o i c / c ~ l  II .LII~C,~~I.III .Y. 

In a sinusoidal system stud! the task of appl!ing a poi\-cr t l o ~  analhsis (or load 
Ilw~ solution) to a system is frequently encountered. It is be!cind the scope of this 
stud! to present the iteratile techniques regarding power flou solutiiins. It \ \o i~ld  
suffice tv niention the pl-oniincnt three techniques commonly in use. n m e l ~ .  the 
C;:~uss-Seidsl method. Nc\\ton-Kaphson- 2nd Quasi-Ne\\ton-. lhese kchniques 
opcratc accuratcl! in sinusoidal systcms. hut since tlic! \\ere tlcri\.ed for sinus~ii~lnl 
systems ~ls ing the equations ivr single-phase and balanced three-phase calculations 
as basis. they cannot readil! bc applied to non-sinusoidnl s! stems. This phenomenon 
is comparativcl! illustrated in Appendix F. 

4.2.2 Nan-sinusoidal Mathematics 

[ILK to the difficulties associated \\ill> pphicc~l l !  presenting rhi  different 
harmonic orders that ~ ~ ( ~ ~ ~ - s i n ~ t s o i d a l  \\avet'vrms consist of. the rcader is asked to 
excuse the abscnce oI'p1i;isnr representations as accompan! ing the discussions o f the  
preceding section. This discussion is unfot-tunatel! p re~ in tcd  in a purel! 
~natlicn~atical manner. I.he iollo\\ing sct 0 1 '  equations is a collection ol' practical 
definitions tlial equip the in\estigator \\it11 thc necessary n x i n s  to e\aluati  now 
sinusoidal conditions and was p~~bl ishcd h! ui IEEE \\orking group [;XI. 

Suppose that ncu-sinusoidal time-depencicnt \\n\it 'cim~s can hc writtcn as o 
function. It is then ass~nned that thc phase voltage i11iJ line current signi~ls fix phase 
(I is he gi\en b) (4 .  l 5 )  

I t  accounts in similar hshion Ibr phases h and c and \rill1 a positi\e s!mrnetrical 
phase rotation these phase quantities \ + i l l  lag phase 11 h )  120" and 240" respccti\el!. 

... ... ,. .. . ,... . . 
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By rewriting these equations to suit the phase information for the remaining phases 
is defined in full. 

For (4.15) it has to be explained what the variables mean, thus where: 
v,(t) the instantaneous phase voltage for phase a;  
i J t )  the instantaneous line current for phase 11; 

Vo0 the average value for h e  phase voltage in phase a: 
Io0 the average (or dc) value for the line current in phase a;  
Val, the rms value for the harmonic phase voltage component vf order k in phase u;  
I,,,, the rms value for the harmonic line current comDonent of order h in ~ h a s e  n: - .  
ash the phase angle of the harmonic phase voltage component of order 11 in phase u; 

the phase angle of the harmonic line current component of order h in phase a. 

For mls magnitudes the equations are reduced to the following. while hearing in 
mind that the subscripts are relevantly altered to validate the expression(s) for the 
remaining phases. 

The eflcctive three-phusr voltoge, V,,, and -current, I,., is defined as 

and 1, = 

or for phase-phase (or line-line) quantities 

Thesc quantities are an attempt to collectively describc the independent phase 
magnitudes as an average whole. 

Thc respective (V. and I , )  effective three-phase values can bc separated into to 
uniquely describable parts 

Thc effcct of Distrihutcd Generation o n  the Qualitv of Power. 
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where V,, is the effective three-phase fundamental harmonic voltage component; 
I,! is the effecliw ihrce-phuse funrlumenrul hurmonic current component; V,,, is the 
efectivc three-phase harmonic voltuge component; I,,/ is the c7jfective three-phme 
harmonic current component. 

The three-phose ejfeclive upparentpower, S,, is defined as 

where S,, is coined the efjective findumei~tal uppurent power; and Seh is the 
eJfeclive non-fundumerztal upparent power - with V,II,~l the current distortion 
power: V1/.~III~ the vollage distortion power: and VP~I,.l, the hurmonic tlistorliorr 
pou'er. 

At this point it is of utmost importance to note that, for power as defined by 
(4.20) in non-sinusoidal system analysis; the conventional (or sinusoidal) power 
triangle (Figure 4-1 and Figure 4-2) cannot remain valid and accurate for non- 

sinusoidal wavefom~s. Thus, .V = \/ 1'' + V 2  is not applicable. The continued 

discussion clarifies how this relationship needs to be altered for validity. 

Consider the single-phase analysis of a non-linear (non-sinusoidal) system for a 
moment. Abandoning the phase- and three-phase effective subscripts to reduce the 
expressions to their single-phase rms equivalents, they become 

.s2 = ( ~ 1 ) ~  = ( ~ 1 ~ ) ~  + p l I l i ) =  +(v1,I1)' + (yi / lH)2 

= .S,'+S,', with s,' =(V,I,)' and S,' =(I.;/,)' t(V,,l,)' +(V,,I,)? 

where "is the rms voiruge magnitude; I is the rms cur-rent magnitude; V, is the 
rms fundumenral hannonic voltugc~ component; I, is the r i m  funrtamentul harmonic 
current component: V,, is the rms harmonic volruge component: IR is the rnrs 
harmonic current component; S is the uppuren'nr power; SI  is the findutnentul 
upparenr power: SN is the non-fundunzmtul uppurentpowrr. 

The orthogonal relationship behvcen the real (or active)pow'rr and the iniuginury 
(or reuctive) power holds true for higher order harmonic components in non- 
sinusoidal voltage- and current signals. A consequence of these higher order power 
quantities is that it can not he determined how they influence the total reactive 
power values. Thus, only the fundamental harmonic reactive power components can 
br accurately defined as a rcsult. Subsequently thefundumerml crctive- and -reuctivcc 
power is related to the fundurnentnl uppurent power, thanks to their orthogonal 
relationship, by S,' = (V,I,)' = 4' +(Il!,' = (YI, COSH,)~ +(\):Il sin 0,)' where H i  is the 
phuse ungle difjerence betuezn nl and Pi. or (1,-[I,. 
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Another quantity comes into play at this stage, namely the totul srngle-phase non- 
uclivepoivcr. N. given by (4.22) 

It should bc transparent by now that it is somewhat advantageous to examine the 
quantities in a non-sinusoidal study in terms of two independent parts, namely the 
fundamental- and harmonic part respectively. Now then. for active power it follows 

with P = 2 V J ,  cos HI,; where 4 = a,, -,hi, 

and 4 = V , I ,  cos 0, ; where 0, = (L, - [I, 

where P is the totul single-phase crctive power; PI is the f indan~cn~ul  singla- 
phasr active power; PI,  is the total hurmonic single-phurc uc t ivepowr .  

Before expansion of the single-phase analysis discussion is made to include the 
three-phase case, it is worth mention of an introduced quantity at this point that is 
recognized in the single-phase system, hut not in thc three-phase system. This 
quantity is known as the total harmo~tic single-phu.se upparmt power, SH ,  and is 
defined to consist of the totul harmonic single-phusc. activepower, PH, and the totul 
harnionic single-phase non-uctivepouct., N,, 

With this the discussion of single-phase analysis is expanded to include thc 
analysis of three-phase systems. Regarding the discussion of three-phase analysis, 
it's immediately important to note that only the liinclammtal apparent power (S i )  
and the non-fundamenla1 upparent power (S I )  are recognized in a three-phase non- 
sinusoidal power system, accordingly the following expression(s) are now explicitly 
termed for three-phase analysis 

where S,i is the three-phase eJyective J'undumcwtul apparent powrr: and S,,, is the 
three-phase &ctii,e non-fundamentul uppurcw power - with V, i I t . ~  thc threes-phu.se 
current distortion powrr.; V,HI,I the fhrre-pha.se voltage dislortion ponrer; and V~.lrI,.ii 
the three-phase har~noriic distortion porvcr. 

In order to quantify the "distortion amount" in three-phase power systems, the 
c,quivulent torul hurmonic voltugc distortion factor and c2quivulent total hurrnonic 
currim! distortion factor is defined by (4.26) 

- .. 
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A novel application of the distortion factors is found when attempting to 
normalize the noti-,fundamental apparou power and is identified in this discussion 
as the true measure of harmonic pollution 

Since the unbalanced operating condition of a power system is beyond the scope 
of this study (the simulations were designed with a balanced operating condition in 
mind), the discussion of the mathematics accounting for this phenomenon is omitted. 
Although, it is interesting to mention that in a heavily distorted system, notablc 
unbalanced operating conditions are inevitable, but as this study focuses on slightlv 
distorted systems (bordering the limits set by NRS 048), this by-product is 
negligible. 

Next the power factor is defined for both the irlrc2 uppareni power factor and the 
displacemcrrtpower factor 

4 ,  P?,l + P i , l H  p ~ ; = =  and III'h' = - KG, 
.T S#, ~Y,,) 

Finally, as secn in (4.28), the concept of c$feclivcpower values is dropped and the 
introduction of true three,-phase quantities is made. This should not be confusing as 
it closely relates to the sinusoidal case, except that the sinusoidal case now accounts 
for more harmonic orders than only the fundamental. Equation (4.25) contains the 
total three-phase active power. P J ~ .  which is a combination of the totril fhree-phase 
fundamental rrctivr power, P?o,, and the lola1 three-phose harmonic active power. 
Piwll 

Ultimately, the totul rhree-phase rrcrctzve power, Q,@, can only be defined for the 
fundamental three-phase quantities 

where the definitions of the variables are analogous to the combined meanings of 
the sinusoidal definitions and the newly introduced definitions for the active power 
in non-sinusoidal applications. 
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A quantitative measure for the "amount" of harmonic pollution is by application 
of (4.27). A value of zero will indicate no harmonic pollution, as this index S,,\IS,, 
increases; it is attributed to increasing harmonic pollution. The components of this 
index indicate the cause: as the effective voltage- and current harmonic distortion 
factors are the only key components of the index. 'She index S,.~IS,, Sully deserves 
the name harmonic pollution indicator, and it will be employed as such in the cost 
function. This is done under advisemeiit fl-om the literature source [38]. 

Intimately associated with the outcomes of this study is the need to accurately 
determine the power flow analysis of a scenario. No attempt is made to derive such a 
method. as this is far beyond the scope of the study. What was found is that the only 
accurate and measurable way to determine the power flow solution is through 
simulation with a simulation software package (MATLAB" ~imulink" 
SimPowerSystems blockset) that is capable of accurately simulating power systems 
with non-linear loads (non-sinusoidal power systems). 

4.3 The Cost Function 

As the research and literature study progressed. certain prominent variables (or 
indicators) came to the fore and after careful consideration a select few were chosen 
to ultimately act with paramount influence in the cost function. The exact 
mathematical interdependencies of these variables are painstaking; thus, a concise 
flowchart is given to illustrate these relationships in Figure 4-3. 

The mathematical calculation flowchart of Figure 4-3 depicts a calculation 
process repeatedly applied to every bus (and transmission line where applicable) in 
the developed power system of each respective scenario. After this "pool of data" is 
calculated for every bus (and line) in thc scenario, the variables of concern 
(identified by the shaded "clouds" in Figure 4-3) are applied in the cost function as 
will be illustrated by Figure 4-4. 

While negotiating the numerous pitfalls of the "non-sinusoidal mathematics" 
discussed above, it was discovered that it is rarely defined in a clear manner whrther 
the quantity of concern is a complex value or an absolute magnitude. It is decided 
that the phase inCormation is neglected in the application of the mathematics, except 
for where the complex values are readily available. 

As already mentioned. the "clouds" in Figure 4-3 are the variables that are 
ultimately applied in the cost function. As can be seen these variables are tied into a 
rather complicated network of equations. expressions and measurements, hut thej 
remain central to the purpose of quantifying how well the scenario being 
investigated perfonns. These three variables (or variable groups), are the key factors 
that precisely describes the overall effectiveness, efficiency and quality of power in 
the general scenario. 

. ." ,,.. ." .,.. 
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Oal in terms of Val and lal
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V,a in terms of V,al and V,aH; Irain terms of I,a' and l,aH
Vrb in terms of Vlbl and VrbH; Irbin terms of lib, and IrbH
V,e in terms of Vrel and VrcH;Irein terms of Irel and IrcH
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Figure 4-3: Mathematical calculation flowchart depicting the variable interrelationships.
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The next point of discussion is how these selected few variables are used. The 
cost function must provide an indication (index) of the performance of a scenario. 
This index is required before it is attempted to improve the scenario. After such 
improvement is implemented the index delivers an indication of the amount of 
improvement. The function should also be used as an optimization parameter, in 
other words, the indicator must reveal the point where the optimum solution has 
been reached and where further improvement would only lead to unnecessary 
expenses. 

Suppose that a PBMR unit costs 1 billion Rand. It would appear logical to 
measure the "amount of improvement" in terms of this cost - more units 
implemented means more billions of Rand spent. A practical improvisation is to 
quantify the "cost of improvement" as a ratio of the "amount of improvement", or 
alternatively 

Cost of PBMR installed 
Cost Function = 

Performance measure improvement 

Given that utilities measure the fundamental voltage phase components (Val, Vbl 

and VCI), it's ensured that the correct amount of power is delivered to the consumers 
and enables the consumers' equipment to function as intended. Thus, the first part of 
this performance indicator is a measure of how well the scenario's voltage 
regulation is. This is a simplified single index that considers all the scenario buses. 
The nominal phase voltage magnitude for any bus is usually 1 pu. An exception is 
made for varying load conditions; this means that there is a "permitted range" that 
determines acceptable voltage levels ranges from 0.95 pu to 1.05 pu. A root-mean- 
square indicator is proposed and would ensure the best representation. 

where Indexv is the voltage regulation indicator; Vie, is the effective three-phase 
fundamental voltage magnitude for bus i; and n is the number of buses. 

The second part of the performance indicator is generated from the normalized 
indicator, S&Se~, calculated for all measured scenario buses. This is a 
comprehensive index that considers not only the amount of voltage harmonic 
distortion, but the current harmonic distortion as well. It is similar to the voltage 
indicator, as it also relies on the rms-principle. 

where Indexrm is the harmonic distortion indicator; S i e ~  l Shl is the harmonic 
pollution indicator for bus i; and n is the number of buses. 

. . , "" " . . . , 
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The third, and last, indicator is a measure of the efficiency of the transmission 
system. This indicator is the rms-normalized per-unit active power line losses 
collectively representing the transmission lines of the scenario. 

where Indexplo, is the line loss indicator; PI,, i is the per-unit three-phase active 
power loss for line i; and 1 is the number of trammission lines. 

Now that these three indices are defined, how are they put together? 
Mathematically the performance index looks as  follows and it is noted that the index 
is 1 for a lossless, sinusoidal, perfectly regulated power system. Anything less than 1 
is a reduction in performance. 

1n~le.x~. + Index,,,) 
In&-v rc.d,zr,,,a,fc~, = [1-(117dex,. + Index,,,,,)] -[: 

Index,. + Index,,,, ) 

where Index,fom,,, is the performance indicator; Indexv is the voltage 
indicator; IndexTHD is the harmonic distortion indicator; and Indexpro,, is the line 
loss indicator. 

The next question is how is optimization applied? Well, as mentioned, the 
improvement of the scenario comes at a cost - the cost of a PBMR unit at a R 1  
billion price tag. One proposed method of improvement is to strategically place the 
PBMR unit(s) in the scenario. This prevents (or at least postpones) the unnecessary 
expenditure of buying more units. 

The solution determines that a unit is installed at a specific point in the scenario 
where it has largest advantageous influence; after repeatedly investigating the 
placements in the scenario (through simulation). For this method the placement 
causing the largest increase in the performance index is the optimal configuration, 
and since placement is of paramount concern the cost of the unit(s) is ignored. Then 

Ind~per,armnLeap,m = m a x ( h d q  p + m r  ); for 1,. . . , i , .  . . ,n with n the number of permutations. (4.35) 

where IndaPerfornunce o p r ~  is the optimum performance indicator; I n d e ~ ~ , , ~ ~ , ~ ,  
is the performance indicator for placement permutation i; n is the number of 
placementpermutations. 

The second proposed method is to increase the amount of units coupled with a 
strategic placement plan. The amount of these units required to cause a cost-efficient 
result is determined by the ratio of the cost of the installed units and the "amount of 
improvement" (amount increase in the performance indicator). Finally, once the 
ratio reaches an inefficient cost per improvement value the scenario is considered 
optimized for the previous solution before inefficiency is reached. Thus, 

... " ".". 
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L d = .
[

Unitsrx; *Costrx;

]

.
n eXrotio mIn .

opnmum max(Index )'
,per/onnonce

for 1,. . . , i, . . ., n with n the number of placement permutations

(4.36)

where Indexratiooptimumis the optimum ratio indicator for amount of DG per
"amount of improvement"; UnitsDGis the number of DG units; CoStDGis the cost of
a DG unit; Indexi performanceis the performance indicator for placement permutation i;
n is the number of placement permutations.

The following flowchart demonstrates how the cost function operates.

( Start')'---

1
.Y_ !

i Measured data from

(
the simulation for

buses 1 to n

L

Implementation of
the calculations as

illustrated by the
flowchart of Figure

4-3 for all the buses
1 to n

-- + -- 7

Change placement of PBMR unit(s) to a new and /
'

unique permutation AND/OR add PBMR units(s),

Isolating the
variables of

concern (V;.,. ;

S"N/S"" ~~;n.) /for buses 1- L,n .

y.

Determine Performance Index
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Index (Indexperfonnance.Index,.,;o)

I
I

No

I

~

D~es Index..""nnance= Index.."",manceop' m?

AND/OR Index_ = Indexratiooptimum?~~
--------

Figure 4-4: Cost function flowchart.

The effect of Distributed Generation on the Quality of Power. 63

-- ---- -- -



Measuring Scenario Perfonnance

4.4 Testin!! and Verification of the Cost Function

An ideal scenario, with a perfonnance index of unity, is a theoretical possibility.
Such a scenario exhibits zero line (system) losses, has no disturbances of power
quality (PQ) caused by the presence of harmonically distorted wavefonns, and has
perfect voltage regulation. This is never achieved in practice. The ideal use of such a
scenario (achieved in the theoretical realm of simulation where endless possibilities
exist) is to verify and test the developed cost function in this document.

The three individual indices are separately adjusted and the perfonnance index is
tested whether it accurately relates the adjustment of the individual variable.
Meanwhile, the other two indices are kept constant - preferably as close as possible
to zero. The best simulation scenario available for this idyllic use is the un-altered
scenario from ESKOM (Appendix C and Appendix E). This scenario is almost
entirely free of non-sinusoidal wavefonns (those that do exist are negligibly small).
No illustrations are given here; the relevant figures are available in Appendix C.

In the un-altered (hannonic-free) state the voltage regulation index is easily
tested. The generating voltages are adjusted to intentionally drive the voltage levels
to new steady-state values and the voltage regulation indicator is calculated (while
the system is maintained so as not to change the harmonic distortion- and line loss
indicator). The newly calculated value for the adjusted state is used to detennine the
new performance index after which a comparison of the two states (initial and
altered) is made. The initial voltage settings of the three established generators are
set to approximately increase the overall system voltage by 20%. Figure 4-5
illustrates the response of the perfonnance index and it is shown that it accurately
relaysthe breachof the pennittedvoltageregulationrange(0.95- 1.05pu) for the
system. The voltage regulation indicator has a new value of 0.174554; the accepted
maximum overall value of deviation for this indicator being 0.05. Poor voltage
regulation is confinned. The performance indicator experiences a related decrease
from 0.940397 to 0.824580.

Performance index plot
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Figure 4-5: Voltageregulation indicator inOuence on the performance indicator.

In a similar fashion the harmonic distortion indicator is deliberately adjusted by
the addition of a moderate non-linear load (rated at 50 MW - see Appendix D
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Scenario 3 calculation worksheet). The previously calculated indicator is compared
with the new one and so are the performance indices. The voltage regulation- and
line loss indicator are kept constant (or as "unchanged" as permitted by the
simulation). The practicality of maintaining the ignored indicators at constant levels
is a near-impossible objective at the expense of many exhaustive efforts. Figure 4-6
shows the increase of the harmonic distortion indicator from 0.001080 to 0.207421.
This is clearly reflected by the response of the performance indicator - a drop from
0.940397 to 0.741314. This is an accurate response and gives a true indication of the
scenario's performance related to harmonic polluting factors.
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Figure 4-6: Hannonic distortion indicator influence on the perfonnance indicator.

The line loss indicator can be modified by means of two adjustments - the line
impedance characteristics can be changed, or the power flow through the line is
varied. Both impart problems to the test simulation: the first method is unrealistic as
practical power transmission lines are unable to change their properties inherited
from their construction; the requirement to maintain constant voltage regulation-
and harmonic distortion indicators is overly complicated by the second method.

The second method is attempted and negligible change in the other two indicators
is assumed and considered. The power demands of the loads at Buses 1299 and 2441
(see Appendix C Project_Scenario_Ideal simulation model diagram) is greatly
increased. This causes increased power flow in all the transmission lines in the
scenario leading to increased losses. A harmonic-free, ideally voltage regulated
system is maintained.

From Figure 4-7 it is straightforwardly perceived that the line losses have
increased - the line loss indicator was 1.7022E-08 was and has risen to 2.6456E-08
(almost doubled). Unfortunately the variance in the performance indicator is not so
easily seen - it is best described in actual calculated quantities. It was 0.9403969004
and has decreased to 0.9403968909. The change is very minimal and this is due to
the small magnitude nature of the normalized calculated line losses. This is not of
major concern and would suffice to recommend that a different normalization
method is applied.
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Figure 4-7: Line loss indicator influence on the performance indicator.

4.5 SUmmary

The cost function development was a task of lesser complications than the model
development of Chapter 3. Still, it required a careful understanding and a firm grasp
of the mathematical concepts related to the detailed functioning of the various
structural dimensions of the cost function. Once the mathematics is understood it is
clear (from the related literature) exactly which variables enjoy principal priority.
Utilizing these variables in a unique manner allows for a comprehensive, concise
and accurate mathematical description and method that quantifies the performance
of a scenario and caters for the optimization thereof.

The chosen variables forming the basis of the cost function are carefully chosen
underadvisementfromthe literature- the referencedsources([26], [35], [38],and
[39]) all clearly illustrate the importance of these variables. Glover et al. and Saadat
both ascribe considerable concern to voltage regulation in power networks (Indexv);
the IEEE working group on non-sinusoidal conditions identifies SeN/Selas the true
measure of harmonic pollution; and Ca/don et al. used line losses as basis to
optimize a distributed generation network by means of reactive power control.

The cost function has a sound logical structure and positively indicates
performance; 1 or relatively close to 1 (depending on the per-unit magnitudes of the
line loss index, IndexPloss)indicates optimized efficiency, little or no harmonic
pollution (IndeXTHD;:::;0) is presentandvoltageregulationis ideal(Indexv;:::;0). Small
values «<1) indicate poor performance and a need for system improvement.

The cost function accurately describes and quantifies a scenario's performance
and is readily applied as a basis for optimization. This is shown in section 4.4
describing the testing and evaluation of the cost function. It cannot, however, be
suggested as the only measure of system performance as it was specifically tailored
to meet the requirements of this study. The goal is to improve the performance of a
power scenario while investigating the effects of distributed generation (DG) on the
power quality (PQ) in electrical power systems.
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Chapter 5 

Simulation Results and Scenario Performance Improvement 

5.1 Introduction 

The reader has witnessed how to develop power system scenarios, concluded that 
the presence of non-sinusoidal components in these scenarios' electrical power flow 
entails special mathematics to accurately analyze the power flow. and finally. a 
suggested measure of each scenario's performance was presented. In this chapter the 
results of both the non-sinusoidal mathematics analysis, and the cost function 
measuring the scenario performances, are presented. 

The first two scenarios are used to demonstrate an optimization process using the 
developed cost function (various indices and performance index) to establish 
optimum strategic placement of distributed generation (DG) resources, such as 
pebble bed modular reactors (PBMRs), in the respective scenarios. The last scenario 
(Scenario 3) is only intuitively optimized (solved) as the scope of the study does not 
include an optimization process. 

As will be shown, the problem of optimizing a scenario's performance is a rather 
complex problem and an optimum solution can only be attained with the use of 
some sort of automated computer-aided design (CAD), e.g. using a genetic 
algorithm. The process involves repetitive placement of DG units for all possible 
placement permutations, repeatedly testing the various cost function indices (voltage 
regulation-. hurmonic distortion- and line loss indicator) for compliancy to accepted 
index measures, and finally, finding the best performance index for the scenario and 
the associated placement permutation responsible for the performance. Another part 
of this optimization process is adding a DG unit(s) and once again repeating the 
placement permutation inspection, until acceptable performance is achieved. 

The aim of this study was not to develop the mentioned CAD design above. The 
purpose was to study different power system scenarios, add distributed generation 
(DG) resources (PBMRs), and study the effects thereof on the power quality of the 
systemlscenario. Attempting to quantify these "effects" the cost function was 
developed and suggested to be used as a measure for the optimization of such 
scenarios. These results are now presented. 

5.2 Generated Simulation Results Data Structure 

For verification purposes the data structure of the results obtained from the study 
is shortly presented. It is trivial to present all the available results in full, but all the 
data resources are available on the supplemental documentation CD. 

Due to the relatively small system structure of Scenario 2 (Figure 3-2), the related 
results for Scenario 2 are presented to present the different groups of analyzed data 
that ultimately culminate in the group of data that completely describes the 
performance of a scenario. 

. . . . . . . " ,.,.. .,, 
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The "raw" data (simulation measurements) is not presented due to the 
complicated and exceedingly lengthy nature of the measurement data files. The first 
group of tabulated processed data is the non-sinusoidal mathematical analysis of 
each bus and line for a given scenario. 

Table 5-2: Cakulated and measured results for Liue 1 in Scenario 2. 
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The data of Table 5-1 and Table 5-2 are obtained by the following process: first 
the simulation of Scenario 2 is run in MATLAB@ sirnulink@ obtaining the necessary 
simulated measurements (generated "raw" data). Next the measured data is analyzed 
and processed by a developed MATLAB@ m-file written by the author. The 
associated m-file of each scenario computes the non-sinusoidal mathematics and the 
outputs of this m-file are 21x12 and 7x6 matrices that closely resemble Table 5-1 
and Table 5-2. The output matrices of the m-file are used in ~icrosoft@ Excel to 
improve the readability of the calculated and measured data and to produce graphs 
that plot the performance indices. 

Table 5-1 and Table 5-2 are only for one bus and one line each, thus the "bigger" 
the scenario, the more of these tables are created, and every one of these tables are 
necessary to calculate the final performance values and to optimize the scenario, as 
is demonstrated by Table 5-3 comparatively summarizing a scenario (Scenario 2). 

Table 5-3: Comparative summary of selected results for Scenario 2. 

Bus Comorrative bus daia, line data and calculated cost function index valuer. 
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Now that the reader is familiar with how the generated resulting data is structured 
and treated, the discussion for each scenario is continued. The reader is referred to 
the Nomenclature (Table 0-1) and Chapter 4 if any of the meanings of the variables 
in the tables presented here are unclear, but great care has been taken to present the 
variables with their respective meanings and source information in the tables. 

It is also worth mentioning that the results in Table 5-1, Table 5-2 and Table 5-3 
are for no connected DG units to the scenario. The results listed in these tables 
undergo considerable change when a DG unit is connected at a point (usually a bus) 
in the scenario. The DGs are connected to a scenario at a suitable bus as this 
conforms to the interconnection standards as presented by [lo] and [ll]. This does 
not, however, rule out the possibility of e.g. connection of a unit at a strategically 
viable point along a transmission line. The only reason connection to a line is not 
presented in the study, is because this results in placement permutations numbering 
into hundreds and is far beyond the scope of the study, but it can be accomplished by 
an artificial intelligent tool employing the measures presented earlier. 

5.3 Scenario 1 Results 

It seems logical to first comparatively present the bus- and line information for 
Scenario 1 (system structure given in Figure 3-1) with no DG units present, followed 
by the same calculated results for a certain selected DG placement permutation to 
demonstrate the influencesleffects of DG (PBMR) connection to a system. Finally, a 
chronological presentation of the performance index for each placement permutation 
is presented and graphically illustrated with an accompanying graph plot to 
demonstrate the suggested use of the performance measures for optimization of the 
scenario, and ultimately, a suggested optimum solution is described and discussed. 

Table 5-4.1 and Table 5-4.2 are summarized comparisons of the measured and 
calculated results for Scenario 1 with no PBMR connected. As can be seen from the 
resulting data, the scenario exhibits fairly good voltage regulation and as a 
consequence of the Swing Bus being the only power source, the series of lines is 
fully loaded for the length of it, subsequently causing relatively higher line losses. 
The impedance path for each non-linear load is resultantly higher and the propagated 
effects of the polluting loads are experienced in a greater degree. The large linear 
load connected at Bus 4 Load does, however, diminish the effects of the non-linear 
portion of the load connected at that bus. Unfortunately, it still leads to intensified 
harmonic pollution levels at Buses 3, 3 Load, 5 and 5 Load, which also have their 
own non-linear load portions to cope with. 

The compensation equipment in the scenario (capacitor- and reactor banks) 
alleviate these negative effects to a degree, but this can only be described as an 
advantageous side-effect of minor filtering and ultimately the pollution reaches 
levels where the filtering effect of the compensating equipment is neglected. The 
voltage regulation of the system rapidly drops to unacceptable levels with the rise of 
non-sinusoidal power drawn associated with the addition of non-linear loads. Line 
losses also increase abruptly due to the related harmonic active power that 
accompanies the presence of non-sinusoidal waveforms. The scenario exhibits 
unacceptable voltage distortion levels at Buses 3,3 Load, 5 and 5 Load. 

... . .-.. . .- . - .. ... .. ... ..". .- 
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Table 5-4.1: Sommarized results for all the buses Scenario 1. 

-- . - 
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Table 5-4.2: Summarized resolts for all the kes  of Scenario 1 and performance index. 

The same tabulated group of results is presented in Table 5-5.1 and Table 5-5.2 
for placement of a DG unit at Bus 3 Load. It is immediately evident that voltage 
regulation is improved, harmonic pollution is reduced, and line losses are 
considerably less. This specific placement also happens to be the optimum 
placement solution for a DG unit delivering full capacity to the scenario. It goes 
without saying that performance levels can be improved significantly by applying 
basic control to these DG units connected to the system. The control of these units is 
beyond the scope of this study and the steady-state operation of the unit at some 
chosen level of generation (usually "fully on", i.e. all available active power 
capacity) is considered to be sufficient. 

.. - . . . .. . . . . . 
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Table 5-5.1: Summarized bus mults for Scenario 1 with DG connected to Bus 3 Load. 

- -- - 
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Table 5-5.2: Sumrrmrized line results for Scenario 1 with DG connected to Bus 3 Load. 

Another effect is the improvement of the overall power factor for the scenario. 
It's apparent by now that where non-sinusoidal waveforms are present, power factor 
correction becomes complicated practice. The additional equipment employed to 
improve the power factor lead to other serious undesired side-effects, such as 
lowering of the system resonant frequency and eventually resonance manifests and 
causes major concern. The harmonic components present could be within this 
resonant range, causing resonance associated problems usually ending with 
equipment failure. By adding generators (DG) instead of traditional power factor 
correcting equipment (capacitor- and reactor banks), the consequence of the lowered 
resonant frequency is eliminated. 

The following discussion is an attempt to motivate and identify the effects of DG 
placement in a scenario at different points in the system. In Table 5-6 the calculated 
performance indices @erformance-, voltage regulation-, harmonic distortion- and 
line loss indicator) are presented in a chronological manner for a DG unit placement 
for the succession of buses in Scenario 1. It also illustrates an optimum solution 
using two units placed as shown in Figure 5-2 where the two nuclear symbols 
represent the DG units. Figure 5-1 is a chronological plot of calculated performance 
indices for a sequential placement of DG units. 
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Table 5-6: Calculated performance indices for all possible DG placement permutations.
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Figure 5-1: Performance index plot for placement of a DG unit at the labelled bus.
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Bus 3 Load clearly delivers the best overall scenario performance when a DG
unit is connected to it (for the case of single unit placement). Voltage regulation is
improved; harmonic distortion levels are at their lowest and line losses drop suitably
(see Figure 5-1). Unacceptable voltage distortion levels remain at Bus 5 and 5 Load
and do not meet the NRS 048 requirements (section 2.3.2.3). The line compensating
equipment require adjustment to operate satisfactorily for the "new" system, but the
discussion of this adjustment process is ignored because the study is based on
steady-state analysis and real power systems use static-var systems to adjust the
regulation automatically.

Considering that the aim of the optimization process should be that all buses in
the scenario meet the requirements set by NRS 048, placement of a single DG unit at
Bus 3 Load cannot be the optimum solution. In fact, adding a unit at Bus 5 Load
should reduce the harmonic distortion levels and ensure compliance to the NRS 048
standard. This is presented as a suggested optimum solution for Scenario 1. The two
nuclear symbols in Figure 5-2 represent the DG units for optimum placement and
improvement of Scenario 1 (Figure 3-1). This solution ensures that all buses meet
the NRS 048 standard requirements and as can be seen from Table 5-6 and Figure
5-1 it achieves the best performance indices. The performance index is the highest
for this solution; the other indicators (voltage regulation-, harmonic distortion- and
line loss-) are at their lowest.
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Figure 5-2: Suggested placement of the DG units resulting in an optimum solution.

In general, the effects experienced by a scenario with the addition of DG
(PBMRs), is summarized as follows:

Some placements (connection points) of the units delivered better performance
than others (Bus 3 Load connection) because the impedance paths leading to the
connected sources act as passive filters with elements comprised of the system's
characteristic equipment. System performance for Scenario 1, generally improves in
all three aspects (all three indicators show a downward trend) as the DG is
connected towards the end of the line. This is a consequence of the rated demand at
the end-point of the line; the majority of large loads with non-linear components
connect at the mid- to end-sections of the line.
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Another reason is that the source impedance of the non-linear loads is greatly
reduced with the addition of the DG unit and the non-sinusoidal waveforms act upon
much less of an impedance and cannot result in augmented harmonic distortion
influences. The DG unit isolates the non-linear load's non-sinusoidal waveforms and
these waveforms are prevented from spreading through the rest of the transmission
network. Connection of additional DGs culminates in a mutually contributed effect
of the reasons/motivations discussed here.

Bearing in mind that a PBMR has a price tag in the region of a billion Rand, and
that construction of new transmission lines can cost as much as 5 billion rand
(depending on the power rating of the line), it has to be considered which of the two
available options the system analyzer should use. The fact remains that generating
equipment continue to offer many more advantages than additional power
transmission lines and therefore generating should enjoy priority if price is not an
issue. This is the argument for an economical approach mentioned in section 2.4
with the discussion of planning considerations.

A purely cost-based analysis of the improvement of the scenario reveals that with
no PBMR present the performance indicator was 0.936598. The best placement
solution (connection at Bus 3 Load) lifted the performance to 0.951098. This was an
investment of 1 billion rand to bring about an improvement margin of 0.0145, or
stated otherwise, 1 billion rand per 0.0145 improvement margin. This is the
economical implications of improving a scenario. For the suggested optimum
solution the cost-improvement ratio is much less (2 billion per 0.016607, or 1 billion
per 0.0083053) than the best placement solution, but given that for this solution all
the buses adhere to the NRS 048 standard requirements it is then certainly a
necessary investment if the standard is to be respected as the governing body.

5.4 Scenario 2 Results
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Figure 5-3: DG placement solution for Scenario 2.
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The results of Scenario 2 were already presented in section 5.2 and will not be
repeated. The suggested DG placement is briefly illustrated, the associated effects
demonstrated and the solution is concisely discussed. Figure 5-3 illustrates the
optimum placement solution for Scenario 2. The structure of Scenario 2 is such that
placement of generating equipment at other buses in the system (Swing Bus and
Buses 2 and 3) would only add capacity at those buses but provide very little room
for the already mentioned harmonic reducing effects to exercise maximum influence
- impedance paths are minimally influenced, filtering is attenuated and the polluting
harmonic components aren't isolated.
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Since placement is of concern, the technical detail of Scenario 2 is of lesser 
concern, but the reader is referred to Figure 3-2 if the system specifications are of 
interest and cannot be obtained from Figure 5-3. The consequence of the different 
DG placement options available is graphically illustrated by Figure 5-4 and given by 
Table 5-7. 

Table 5-7: Calcnlated performance indices for different DG placements in Scenario 2. 

--?. . . .  
1n.s- 4 Load 

Due to the sheer magnitudes of the power flow values present in Scenario 2, the 
effect of a mere 150 MW generating capacity DG unit is dwarfed in comparison, but 
it is noticed in the improved performance of the scenario for each of the placements. 
It is recommended that either the generating capacity of the modular unit be 
increased, or that more units are connected to Bus 4 Load to bring about the eventual 
desired improvement margins for Scenario 2. The completely solved situation for 
Scenario 2 is not discussed; the final solution would involve continued connection of 
generating units at Bus 4 Load until the voltage distortion limits of NRS 048 are 
satisfied and the performance margins become cost-effective. There exists a 
universal direct proportional relationship between the three indicators - if any one of 
them increase a rise of roughly the same degree in the others are observed for most 
cases. 

In this scenario, improvement of the waveforms in the system is based purely on 
the isolation principle described in the discussion of Scenario 1's results. The non- 
sinusoidal waveforms are prevented (or retarded) from flowing back through the 
entire network to the sources and thus have a reduced effect. Voltage regulation by 
means of line compensating equipment remains a practice that should be altered 
once generation is added to the system, but given that most utilities usually employ 
static-var systems this is done automatically in reality. 

The tabulated results for connection of a single DG unit at Bus 4 Load are given 
in Table 5-8 for thoroughness' sake. Shortly, the power factor deteriorates overall 
for the scenario, but this is due to the immense ratings of the line compensating 
equipment present in the system. Since less active power flows through the lines 
when it is locally generated at the load requiring it, the reactive powers in the 
transmission network stored or delivered by the compensating equipment 
accordingly alters the power factor of the bus it is connected to. Line losses are 
considerably less and this promotes the attenuation effect of the system on harmonic 
components. Stability of so many generators could be a problem but stability is a far 
beyond the scope of this study. 
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Filtering techniques could be applied to filter harmonics out of the system's 
waveforms and active- and passive filtering techniques are two proven and reliable 
options when filtering is considered. These options are exceptionally expensive and 
are only employed by the most sensitive of clients who require very high power 
quality standards. Filtering is rarely applied due to the enormous cost thereof. 

Table 5-8: Results for Scenario 2 with a DG unit eoonected to Bus 4 Load. 

k.1 Com~arative bus data. line data and calculated cost function index values. I 

---. 
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5.5 Scenario 3 Results 

This is the largest scenario investigated during the study. Due to steady-state 
analysis the compensation equipment present in the system was once again assumed 
to be active and was simulated as such. The compensation was not adjusted with the 
addition of PBMRs and therefore the voltage regulation differs moderately between 
placement permutations. 

No placement permutations were investigated as the system is so large and 
intuitive placement of DGs was decided in and attempt to resolve the experienced 
power quality (PQ) problems in the system. This is also an attempt to demonstrate 
how the system should be assessed and the how performance measures can be 
applied to assist in determining a predicted optimum solution for the system. 

The initial scenario has the following characteristics, to mention a prominent few. 
The summarized data results in Table 5-9 @arts 1-5) is given to assist the discussion. 
The voltage regulation is relatively good and as a consequence of the generous use 
of parallel transmission lines ensures voltage regulation remains at acceptable levels 
under widely varied load conditions. The parallel lines unfortunately make it 
difficult to accurately predict where the worst PQ conditions exist. However, these 
parallel lines contribute greatly to maintaining line losses at a minimum throughout 
the system. 

The loads also differ greatly in size and the largest linear load (Bus 2575 Harvard 
1) is rated at i265 MW and *70 Mvar. The smallest linear loads are 1 MW and 0.5 
Mvar and therefore experience the worst effects associated with distorted 
waveforms. The non-linear loads are kept uniform for the study - this was already 
motivated and discussed in section 3.2. 

The power factors calculated for the system varies considerably from bus to bus 
and this is attributed to the wide variety of loads connected to a bus - either solely 
compensating equipment or prevailing non-linear loads. 
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Table 5-9.1: Summarized bus data results for the initial condition of Scenario 3. 

Bus 
name Corn~arative bus data, line data and calculated cost function index values. 
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Table 5-9.2: Summarized bus data results for the initial condition of Scenario 3, continued. 

. .- . .. . 
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Table 5-93: Summarized bus data results for the initial condition of Scenario 3, coutioued. 

m 29.49E81 23.91491 5.5819801 23.37251 23.4465) -0.0739991 4.7098101 0.792373) 0.980414 

Table 5-9.4: Summarized l i e  data results lor the initial condition of Scenario 3. 

-- -- - - 
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Table 5-9.5: Summarized b e -  and performance data for initial conditions of Scenario 3. 

The reasoning related to the intuitive and predicative solving for improved 
performance and optimization of the system relies on the influences mentioned in 
both discussions pertaining to Scenarios 1 and 2. These influential factors are 
assumed to uphold for points exhibiting similar in action in Scenario 3 as for points 
in Scenario 1 and 2 where these influences could be adjudicated as the major 
contributing reasons. 

At Buses 1163 and 1365 (Figure 3-3) the possibility to isolate and prevent the 
harmonic components from affecting the rest of the network is identified as all of the 
non-linear loads are somehow connected to these two buses. Connection of a single 
DG unit at each of these buses (Figure 5-6) resulted in an immediate and noticeable 
improvement in the performance of the scenario, but since no active control 
measures are applied the improvement is brought about in a rather crude fashion. 

Some buses exhibit deteriorated PQ levels (increased distortion levels) while 
others show improved PQ. The scenario can be improved much more effectively by 
employing more DG units at better investigatedlidentified points in the system, but 
the general idea should be clear by now. The solution is an attempt at applying 
predictive solving of the scenario. The tabulated results for the suggested solution 
are omitted as they are very similar to the initial results (Table 5-9 parts 1-5). The 
performance graph is graphically presented (as a bar plot) in Table 5-10 and Figure 
5-5. 

Table 5-10: Performance index information for initial- and suggested conditions. 
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Figure 5-5: Bar plots of the performances for the two conditions of Scenario 3.

The performance indicator is higher for the suggested solution; therefore the
related voltage regulation- and harmonic distortion indicators are lower as is
expected for improved performance. Unexpectedly, the line loss indicator has risen
but it is suspected that the lack of control for the connected DG units can be
responsible for this phenomenon. A much better solution is possible and would
easily be determined with the aid of a developed CAD design aimed at identifying
optimum solutions.
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Figure 5-6: DG placement for the suggested solution for Scenario 3.
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5.6 Summarv and Conclusions 

The developed scenarios shoued evidence of reacting to the applied improvement 
and the measures by which the performance of a scenario was adjusted after 
connection of additional power generating equipment (DG or PBMRs) was entirely 
unique for every situation investigated. The attempts at improving the performance 
of a scenario based on the developed measures of Chapter 4 proved to be effective 
and usehl. The measures can be adjusted to prokide clear indications and the 
discussion of the recommendations for the adjustments of the measures is left for 
Chapter 6. 

The distinct possibility of total system improvement exists proves very effective. 
The effects of distributed generation (DG) in a power system with poor power 
quality (PQ) is found to be beneficial for most of the concerned and relevant factors 
- such as voltage regulation. system efficiency (system- and line losses). diminished 
distortion levels and improved power factors for the connected loads. 

In conclusion, the developed performance indicators (performance-, 1~11tuge 
regula t ion-  and h u r m o n i c  d i s t o r t i o j ~  ind ica to r )  were accurate, although they were 
slightly too normalized. and could effectively be applied in studies where the 
intended improvement investigated in this study is a desired practice. Computer 
aided software designs will undoubtedly augment the processes described and 
developed in the study and ultimately provide much more efficient. effective and 
accurate solutions. 

Optimization techniques require study, but this is not part of the aims for this 
study. Reactive compensation equipment of DG scenarios also begs consideration as 
this equipment needs adjustment, due to slightly modified operating conditions, to 
effectively operate in conjunction with implemented DG. 

. . . . . .. 
The effect of Distributed Generalion on the Quality of Power. 



Chapter 6 

Overview. Conclusions and Recommendations 

6.1 Introduction 

In this final chapter the entire study is succinctly summarized, conclusions are 
drawn and recommendations for improvements to and further work for the study is 
made. This chapter is the author's own perspective of the details of the study and 
should not be seen as a field expert's point of view. All the technical detail and 
foundation for the study is clearly and accurately supported by the research and 
literature studied during the course of the investigation. The research proved true 
and accurate and the guidelines used to define the study parameters (such as NRS 
048) were proven to be realistic, ideal and practical. 

6.2 Overview 

In short, the study was an investigation into the effects of distributed generation 
(DG) on the power quality (PQ) of power networks. The following effects were 
observed and include those before and after the addition of DG (by means of 
PBMR). All the effects are supported by the literature study: 

6.2.1 Waveform distortion (harmonic distortion): 

The effects are listed in a short cause-effect manner. The knowledge earlier 
introduced should provide the reader with necessary comprehension of the concepts 
explained. This is what the study "boiled down to". 

Harmonic distortion is the result of non-sinu.soida1 wavefbrms, which are 
produced by nun-linear loads, that flow back to the power source and dissipates in 
the source impedance where it is then "generated in a sense and fed back into the 
network. In this manner hannonic distortion manifests itself in a power network 
(Sections 2.3.2.1 and 2.3.2.2). li)l/trgr tlisrortion showed a general reduction for 
most cases where a PBMR (or DG) was connected at a certain point to the system. 
Current distortion showed the same tendency. The amount the measured waveform 
shape improved (both voltage and current) widely varied for different placements of 
the DG, i.e. every point of connection influenced the whole scenario (or power 
network) in a unique way. 

The absence of generator control for the incorporated DG consequently had a 
worsened level of wuvqform distortion in a few isolated instances. Voltage- and 
current distortion are uniquely intluenced by unique non-linear loads and in some 
cases voltuge distortion is at acceptable levels while cxrrunt distortion is substantial. 
The waveform never regained its true fundamental shape. but in an optimized 
solution the resemblance of the fundamental waveform was greatly restored for all 
the points of concern (proved by measurement at all the buses). 

The individual harmonic components generally obeyed the identified 
characteristic harmonic behaviour of generic power electronic converters (diode 

. "  " .. ..,. . 
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bridge) as is identified by [37]. The individual harmonic limits as set by NRS 048 
were rarely exceeded once optimized improvement was applied, but the possibility 
calls for the study to inspect every individual component and possibly apply filtering 
(active or passive) where necessary if the perpetrating harmonic component persists 
in the optimized solution. Voltage regulation in the system was severely affected by 
the presence of non-sinusoidal waveforms. 

6.2.2 Voltaee repulation (generated- and transmitted voltaee levels): 

The fundamental voltage magnitude drops dramatically if non-linear loads are 
connected to the system and the generating equipment have to compensate radically 
to correct the associated drop; utilities measure the fundamental magnitude and use 
this as a control variable. 

The roof-mean-square (rms) voltage (and c~rrrent) rnagnit~rui. is unpredictably 
influenced when applied to non-sinusoidal waveforms; i.e. the harmonic order and 
the magnitude of each individual order determine the calculated rms value of the 
voltage (and currenf). The rrns magnitude could differ considerably from the 
fundamental magnirude in some cases - depending on the amount of harmonic 
distortion. The network generally responds as if it is heavily loaded when non-linear 
loads of smallish to moderate size (rating) are connected; thus line compensulion 
also requires adjustment to accommodate the loads and correct the line regularion. 

Once DG was connected at specific points towards the end of the network the 
voltage regulution was improved significantly. Line regulation is improved and 
depending on the generated output of the DG unit line compensating equipment 
requires minor adjustments. In fact, DG can support the voltuge- and line regultitio~~ 
of the scenario, or power network, if active control is applied to the generator. 

6.2.3 System efficiency - line losses (and transformers, etc.): 

The distorted (non-sinusoidal) waveforms produce higher system losses due to 
the active harmonic power component that is dissipated when a non-sinusoidal 
waveform enters an impedance. The power system is made up of a network of these 
impedances and active harmonic power is dissipated in every one of these 
impedances. Non-active power (and harnronic rion-active power), encompassing the 
,fundamental ruactivepower, "constipates" the system capacity and the conductors of 
the power network ehperience reduced transmitted active power capacities. 

The conductors experience "skin effect" under non-sinusoidal conditions, i.e. the 
higher frequency harmonic components "crowd" in the "outer shell" on the 
perimeter of the conductors and the current density is increased. The skin depth is 
therefore proportionally affected by the measured level of harmonic dir./or/ion. 

With the addition of DG all of the above observed effects are reduced and . ~ y / e m  
10s.r.e.r. drop noticeably. Furthermore. the power ,flow of the system is altered and 
since less power is drawn from the initial power sources (power demand is reduced) 
the activepower losses in the system is accordingly reduced. 
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6.2.4 More observations (power flow. power factor, reliability, etc.): 

During the study comparisons between conventional power flow analysis 
techniques (Gauss-Seidel- and Newton-Raphson iterative power flow solution 
techniques) and the simulation results for the respective scenarios were made. It was 
repeatedly proven that not only was the voltage- and power magnitudes grossly 
inaccurate in some instances. but the phase information were inaccurate (up to 5 
degrees in some cases at a certain point in the scenario). 

The power ,factor usually improved and reached desired levels at most buses 
(depending on the nature of the connected equipment): the load buses experienced 
an improved power factor. System reliabiliv is immensely improved with the 
addition of DG due to the increased delivered active power capacity and the inherent 
operational stable quality of the employed DG. 

The effects listed above associated with DG have proven to be beneficial in all 
instances. Other adxantages of DG include: the generating capacity of the power 
network is increased and since this is of major concern for South Africa (in 2003 it 
was announced that peak demand capacity could be insufficient as early as 2007) 
this is a major advantage: the power network becomes deregulated and the economic 
impacts are numerous and fruitful in a multi-organizational system; the power 
system exhibits a much more reliable performance and the utility will suffer much 
less financial loss due to outages and downtime as will the clients; and finally, the 
power system structure is strengthened in the most convenient way for future 
development and becomes less prone to sabotage or unforeseen reliability problems. 

6.3 Conclusions 

The conclusions drawn after careful assessment of the study are the following 
divided into two groups: the conclusions that remain universally valid and account 
for both the cases where distributed generation (DG) is applied or not applied; and 
the conclusions that motivate why these universal effects are affected by DG. With 
and without the use of DG the following remain valid, but the degree of influence 
these effects enjoy is greatly reduced once DG is applied: 

Harmonically riislor~erl waveforms (non-sinusoidal wav<forms) are directly 
responsible for increased strain on power systems and the connected equipment. 
This is attributable to increased generation voltage levels. reduction of system 
power transmission c ~ ~ p m i @ ,  increased line compensation levels, etc. Measured 
power fircrors are adversely affected and system capacity is reduced. This is a 
consequence of the presence of harmonic active power and non-active power (see 
equation (4.28) in Section 4.22). 

Non-.~inusoidal wavejivms directly contribute to a drop in system efficiency. Line 
I O . F S ~ . F  increase and in general so do all system losses accordingly increase. Non- 
acrive power (and harmonic active pouur). a consequence of non-sinusoidul 
umw/brms, reduces the active power delivering capacity for a given generating 
condition and due to the inevitable adjustment of the generation control variables 
to meet demand, sysiem losses once again increase. 

. .."." - 
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Voltage regulation is unavoidably and undesirably affected by non-sinusoidal 
waveforms. Total roor-mean-square (rms) magnitudes differ considerably from 
fundamental magnitudes and as a result the fundamental magnitude at a point 
may lie in the "acceptable range" (0.95 pu to 1.05 pu) while the total rms 
magnitude might be well out of this acceptable range; resulting in other unwanted 
problems such as undesired equipment operation or failure. 

With DG applied the listed conclusions above still hold true, but their effects are 
significantly reduced. These are conclusions drawn as to why these effects are 
reduced: 

Non-sinusoidal waveform sources can be isolated. In other words, with the 
addition of a appropriately rated DG unit@) (PBMR(s)) at the site of the non- 
linear load (source where the non-sinusoidal waveform is produced and the 
fundamental sinusoidal waveform's distortion takes place) the non-sinusoidal 
waveform is prevented to some extent or hindered from flowing back to the rest 
of the power network (where harmonic distortion flourishes once it encounters 
source impedances, or any impedance for that matter, for it to manifest itself). 

The system's impedance elements (largely inductive for power transformers, 
capacitive and inductive for transmission lines, and either exclusively capacitive 
or inductive for compensating equipment) could act as passive filtering 
equipment (provided that they are sufficiently underrated to cope with the extra 
strain) in some instances and for certain DG placementslsiting in the 
scenariolpower network. 

A reduction in the source impedance, as seen by a specific non-linear load of 
concern, also contributes to the attenuated propagation effect of harmonic 
distortion in the rest of the power network. This is closely related to the first 
conclusion listed in this paragraph. 

With regards to the assumptions made at the commencement of this study, they 
all proved to be true and valid as well as accurate. The effects of DG on the PQ of 
power systems are beneficial and the negative consequences associated with poor 
PQ can effectively be remedied and lessened to ultimately provide satisfactory 
system performance. The performance of a system can be quantified and the 
measure is appropriately adopted in the practice of optimization. 

The guidelines fashioned from the results of the study and the observed effects of 
DG are presented. These guidelines are aimed at providing insight into the strategic 
placement of distributed resources. The proposed guidelines are: 

-3 If a customer experiences PQ problems the situation can be considerably 
improved by connection of a suitably rated "pure" (unpolluted) power source 
at the site of the customer, but the rest of the power network is minimally 
influenced. 

-3 If PQ and scenario performance improvement for the entire scenario is desired, 
the distributed resource(s) should be connected at strategic points in the 
system - points where it is predicted within reason and after careful 
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consideration that the disturbing (or polluting) load can be "isolated and 
hindered (hopefully even prevented) from influencing the rest of the network. 

-3 Some points of DG connection exhibit a global system affect by means of 
attenuating the waveform distortion through the rest of the network. This is a 
consequence of either coincidental formation of passive filtering paths on the 
network, and or due to the lowered source impedance to non-linear loads. 

With these guidelines it is feasible practice to utilize DG to improve PQ in power 
networks. Hobever, the performance improvement remains subject to the ratings of 
the DG, the amount of DG. the type of distributed resource and the measure of the 
initial system performance. Applying the guidelines in a cost-effective manner 
remains a relative optimization practice and is subject to the desired targets set by 
the optimizer. 

6.4 Recommendations 

Despite the substantial work done to effectively study the effects of distributed 
generation (DG) on the power quality (PQ) in power networks there remains a 
considerable amount of improvements to the study. These improvements include 
alterations, adjustments and modifications to the existing study as well as 
suggestions for further work in the study. 

6.4.1 The Studv at Present 

Not much can be said. escept that the developed cost function could be adjusted. 
It is suggested that some sort of rule-based normalization of the various indices 
(voltage regulation-. harnzoriic distortion- and line loss indicator) is adopted. The 
current normalized nature inhibits a true reflection of the PQ situation at an 
individual bus. If for instance, most buses display acceptable distortion levels, but a 
single bus exceeds the limits by a sizable margin, this singular bus's contribution to 
the overall harmonic distortion indicamr for the whole scenario is diminished and 
the overall appearance of the system is that of acceptable waveform performance. 
The same holds true for the voltage rt.gulation iridicutor in a similar fashion. As for 
the individual harmonic components. they should receive more attention during the 
study to ensure they con~ply with the NRS 048 limits for individual harmonic 
components. 

Regarding the line 1os.s indicator, the per-unit magnitudes of the respective line 
losses are employed to deliver a normalized value for the system's line losses. This 
per-unit basis should be adjusted to deliver larger values. As can be seen the present 
use of the per-unit values results in a rather insignificantly small value. It is 
suggested that the line loss be converted to a percentage margin of the difference 
between line loss for sinusoidal operation and line loss for non-sinusoidal operation. 

Lastly, the rule-based approach of the two identified indicators allows for an 
artificial intelligent (Al) computer-aided design (CAD) that could effectively 
calculate more truthful indicators if, for instance, fuzzy logic techniques are applied. 
The CAD software could also he used for future development as will be discussed 
shortly. 
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6.4.2 Future Work 

Suggestions for future work include, anlongst others, the generation control 
possibility of the distributed resources as a promising improvement. With control the 
performance improvement margin can increase significantly. The control can also be 
of a mle-based artificial intelligent nature further maximizing the potential of the 
DG system. 

The cost function algorithm and flow chart can easily be altered to accommodate 
a rule-based approach and a hlly automated A1 computer design will undoubtedly 
provide the best results when an optimal solution is desired. The program will be an 
effective tool providing accurate predictions for how a system will respond to 
improvement. 

Filtering techniques in conjunction with distributed resources is another major 
consideration. This will unquestionably ensure the best performance for any power 
system scenario and depending on the type of distributed resource introduced to 
assist in system performance improvement. the financial cost and economic 
implication of the filtering technique design solution could be kept at a minimum. 

, ,. "." 
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Appendix 

Appendix A Remaining Distributed Generation Technologies 

A.l Fuel Cell Powered Distributed Generators 

Fuel cells provide a significant different approach to the production of electrical 
power from fossil fuel. A fuel cell is likened to a chemical battery and in essence can 
be called as such because of the fundamental similarities of their operation - they 
both produce direct current by using an electrochemical process. 

Direct current (dc) is produced in a fuel cell in a chemical catalyst driven process 
where hydrogen is oxidized in the presence of oxygen or air [2]. The hydrogen can 
also be extracted from a fossil fuel containing this element. A fuel cell is an 
extremely reliable and favourable source of energy as it does not have any moving 
parts (only the minor auxiliary systems may require moving parts). 

Furthermore. other advantageous characteristics include: they are silent, 
environmentally friendly as they produce little or no pollutants when operated 
correctly, and fuel efficiencies of these devices far exceed the most advanced 
classical power generating systems (reciprocating- and gas turbine plants) [2] .  

Save for the aforementioned advantages. fuel cells do have one ma.jor 
disadvantage: cost. They are extremely costly devices to build and maintain and this 
stems from their operating and design fundamentals. These inherent design 
characteristics and consequences are themselves also nuisances. 

Fuel cells produce high-current. low-voltage (+ 1 to 2 Volts) dc power requiring a 
DCIAC converter with either a separate or incorporated power filtering system to 
enable reliable and effective ac power. Due to their complex design techniques and 
the chemical nature of the operating principles of operation they are also dependent 
on highly specialized personnel for correct installation, proper operation and 
maintenance. 

The operation of a fuel cell has to start by first identifying that, to the best 
knowledge of the author. there are five types of fuel cells: phosphoric acid -, alkaline 
-, molten carbonate -. solid oxide -, and proton-exchange membrane fuel cells. With 
disregard to the fuel cell type, it basically operates on the principle of directly 
converting chemical energy to electrical energy, much like a battery but with the 
distinction of continuously being "recharged" (or "re-powered") by a process of 
chemical replacement involving fuel and air [2] .  

The foundation of the operating principles of a fuel cell is laid by the ample 
supply of hydrogen-containing fossil fuel. In a fuel cell the hydrogen is 
attainedlextracted from a fossil fuel and oxidized with oxygen obtained from air. 
The oxidization is a controlled catalyst-aided chemical process that combines the 
hydrogen and oxygen under monitored conditions. 

- - 
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The chemical product of this process is H20 (water) but since the oxidation is
likened to combustion the water is actually steam. This steam is vented (exhausted)
through auxiliary systems and used to perform additional useful work (CO-
generation), this added advantage depends on the type of fuel cell. This outlet,
termed exhaust, is on the whole pure steam (virtually pollutant-free) and commonly
exceeds temperatures of :!:538°C [2].

The other salient product is an electrical charge, produced by the oxidation of the
hydrogen in the presence of an electrolyte. This charge drives a direct current flow
from the anode to the cathode of the fuel cell and is the most integral energy product
as it is intended for, and capable of, direct application as electrical power. The
voltage level of a fuel cell is greatly influenced by the type of electrolyte.

Air
Intake

Porous
Cathode

Catalyst

Electrolyte

Anode

Fuel
- - - - - - - ...Y -- Circulation

Figure A-I: Illustration of the elements of a fuel ceU[2].

This oxidization can only be equated to combustion because, as for combustion
there would be 'n visible open flame, oxidation has no flame but, instead, is a
continuous process of combining the hydrogen and oxygen a single molecule at a
time. This is the key reason why fuel cells are so incredibly efficient and exhibit
emission-free operation. The catalyst promotes and controls the oxidation and allows
for molecular control of the whole process by chemical means. It is almost a pure
process and therefore the factors that contribute to the formation of present day
pollutants are close to extinct in fuel cells.

Application of the electrical energy produced in a fuel is complicated due to
certain constraining factors - the low voltage « 2 Volts) of a fuel cell, and the dc
nature of the electrical charge of a fuel cell. Current, in contrast to the voltage
produced, is not a limiting factor for a fuel cell and the physical dimensions of the
construction thereof is the only influential factor concerning a fuel cell's current
delivering capacity - the plate size determines the active area of the anode-
electrolyte-cathode surfaces, larger area in contact with these active agents, larger
current produced [2].

The application of a fuel cell's electrical power is however easily accommodated
owing to the development of power electronic-driven DC/AC converters (or inverter
- inverts dc to ac). Luckily the dc power of a fuel cell is continuous and smooth and
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this has the advantage that it simplifies the design and the job of the DC'IAC 
converters to produce optimum ac power. 

A.2 Renewable Resource Distributed Generators 

In essence the strict and classical meaning of distributed generation (DG) is easily 
catered for by renewable power generation resources. These power sources are 
small. modular and rely on geographically suitable sites, whereas these sites are 
frequently found to be of convenience to both the established grid and the new DG 
resource 

The definition of DG revolves around the application of power generating 
resources that are modular, small and can be sited at various favourable points in the 
power system. Another asset is that this kind of equipment can expediently connect 
to the lower voltage level parts of the electrical power grid - the area where the 
presence of DG is considered necessary [2]. 

The freely available trait of the energy (or fuel) applied in renewable power 
generation resources is an exceptional advantage as in modem times the fossil fuel 
reserves are on an increasing decline and in rising demand. This is also a non- 
nuclear option and found to be the desired solution for most parties involved in eco- 
conscious power industry development. Some of these solutions/options do however 
produce pollutants but the majority are considered to be environmentally friendly 
with little or no ecological impacts. 

The energy is free and widely available, even in the case of the various trash and 
biomass bumers. The completely free energy sources include solar-, wind- and low- 
head hydropower production. In some instances a renewable energy source 
(replenishable) can be established, either through cultivation - growing the fuel to be 
used - or by storage of the various renewable energy sources - in certain stored 
energy systems. but this is presented under its own heading later on. 

The major types of renewable energy resources are derived from a multitude 
either in use today or being developed. As mentioned before these include: solar - 
thermal and photovoltaic; wind: low-head hydro; and the various trash and biomass 
"burners" [2]. Avoiding the bulky discussion of each of these types it would be 
adequate to briefly mention each one of these and their operating basics. 

The most well-known of these types is electrical power production by solar 
energy means due to the flexibility and ease of applicability it offers. The most 
common of the solar energy types is the photovoltaic application of the sun's solar 
energy to directly produce electricity. but another uncommon method is by 
harnessing the sun's thermal solar energy to drive classical them~odynamic systems 
that subsequently produce electricity. The last method is tenned "solar thermul 
polter generution" and the first is h o w n  as 'photovoltaic generation". Both of 
these deserve a brief discussion. 

The energy costs nothing but unfortunately the designedengineer is burdened 
with the problem of somehow catering for the schedule and daily cycle of the sun 
(the cycle being a chief restriction in design and duty cycle of such systendplants). 

- "- -- 
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The sun is the sole source of solar power which is only available during daytime.
Fortunately the predictability of the sun's schedule and cycle offers ways of
circumventing this problem and makes it a much more reliable source of power than
wind generation, even on days with overcast conditions [2].

A.2.t Solar Thermal Power Generation

Solar thermal power generation relies on the surplus thermal energy component
obtained from the sun's dividend of solar energy. This is suitably viewed as a simple
conversion chain or sequence expression, namely Solar Thermal Power
Generation: Light --+ Heat --+ Power [2]. This is achieved by using systems
employing mirrors that reflect and concentrate sunlight producing intense heat
energy at a certain specified point in the electric power producing plant. At this point
the heat energy acts much like heat sources in conventional mechanical-to-electric
conversion processes and performs useful work as dictated by thermodynamic
principles (Figure A-2).

These systems offer the assurance that the electrical energy produced is
analogous to that of traditional steam-turbine power plants and thanks to these
identical electrical output characteristics allow them to be considered as proven and
free of risk(s). The spin-off of this is that adequate knowledge and understanding of
the technology involved already exists ensuring thorough maintenance and
conscientious operating thereof. The mechanical conversion methods include the
anomaly of the Stirling cycle reciprocating engine illustrated in Figure A-3 and
explained later on.

Figure A-2: Two types of solar thermal power, trough- and parabolic mirror [2].

As already can be seen from the preceding paragraphs, much of the interest
revolves around, as well as much of the operation relies on, the mirror types
employedin solarthermalsystems- either stored thermal energy or directly/actively
applied thermal energy systems. The mirrors are responsible for the process of solar
concentration - the methodes) by which solar energy is concentrated and the usable
thermal effect thereof collectively amplified.
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This is accomplished by either of the following, and hence also termed types of 
mirrors: actively aimed flat mirrors - known as heliostats; aimed or static mirrors 
with parabolic cross-sections in one dimension - trough mirrors; aimed or static 
mirrors with parabolic cross-sections in two dimensions - parabolic mirrors. The 
static mirrors of the last two types heavily rely on well thought-out placement 
fixtures as to maximize the solar concentration during the daily cycle, whereas those 
with either one-dimensional- or two-dimensional tracking offer increased or 
optimum solar concentration levels throughout the day respectively. In any case 
however, placement remains of main concern as the location of the mirrors have to 
offer reliable sunlight measures ensuring optimum operation of the adopted energy 
system [2]. 

What is the measure of this energy from the sun? Well, unfortunately the amount 
of energy from the sun is not strictly constant as it is influenced by a multitude of 
disturbing factors. Firstly, the unit for the amount of energy radiated by the sun and 
absorbed by the earth is called the "solar conslant" and is defined to be the amount 
of solar power flux that passes through the mean earth orbit [25]. Presently the 
accepted value is 1367 w/m2. Earth-based instruments will record lower values of 
solar power flux because of atmospheric attenuation and typically the recorded value 
is somewhere in the range of 1000 w/m2 at sea level. 

Insolation is another term regularly encountered when working with solar 
dependent energy systems. Insolation is defined as solar radiation on the earth's 
surface. The problem with this term is that it is frequently confused with insulation - 
the preventing of conduction of heat, electricity, etc. Recently the term has generally 
been replaced by "solar irradiance" because of the confusion caused by the 
correspondence of the previous terms. Solar irradiance is more specifically defined 
as the amount of solar energy that arrives at a specific area of a surface during a 
specific time interval (radiant flux density) and is typically measured in units of 
w/m2 [25]. 

As can be seen from the definition of the solar constant, solar energy can either 
be reflected (i.e. the same amount of energy for an area is "passed on" via reflection 
of a mirror to another area of same size - heliostats or flat mirror types) or 
concentrated on a single line or a single point (with the aid of parabolic cross- 
sectional mirrors - trough- or parabolic mirrors). The measure of amplification of 
solar energy by using mirrors is called "suns" and is defined as a unit which 
multiplies the amount of energy the earth can receive from the sun [25]. This value 
is typically applied in the solar concentrator community to provide an indication of 
how well the mirror type concentrates the solar energy it reflects onto a specified 
point or line. Note that this unit is not precisely defined; it usually is less than the 
solar constant. 

Heliostats individually achieve little as they incidentally reflect the same energy 
received from the sun onto another aredpoint and essentially little or no 
concentration of solar energy takes place (+I sun); therefore considered as non- 
concentrating by nature. When collectively utilized in a "heliostat f ie ld  they offer 
vast concentration levels of solar energy from a large area to a much smaller area. 
This concentrated solar energy is readily applicable for driving thermodynamic 
systems and ultimately generating electricity. 

". ""- 
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Trough mirrors concentrate solar energy on a line formed by the focal point along 
the length of the trough. This is thanks to the parabolic cross-section in one 
dimension of the mirror. A pipe carrying a fluid heated by solar concentration runs 
along this concentrated line of solar energy. Concentrations of 10-50 suns are 
typically achieved by trough mirrors [2]. 

The highest possible practical concentration of solar energy is achieved by 
parabolic mirrors and range from 2 5 0 M  000 suns [2]. These are mirrors with 
parabolic cross-sections in two dimensions enabling these high insolation levels to 
be reached. The heat generated by these mirrors can drive a Stirling-cycle engine- 
generator mounted at the focal point or heat fluids producing steam that drive 
turbine-generators. 

Up till now it has been mentioned on occasion that solar thermal power 
generation can either be directly applied or stored for later use. The latter case is 
termed "solar thermal energy storage (STES) power generation" and it differs 
marginally from solar thermal power generation. Both systems consist of the same 
basic parts, with the exception of a heavily insulated storage tank which is solely 
employed by the STES system. The storage tank equips the system with the ability 
to provide energy production in periods where solar energy is unavailable (at night 
or heavily overcast conditions). The basic parts are: 

*:* Mirrors (a field in the case of heliostats and trough mirrors) 
-3 Central receiver (or solar receiver - situated on top of a central tower in the 

focal point of the mirror field). It can either be a Stirling-cycle engine 
(parabolic mirror) or an array of pipes containing an operating fluid that is 
heated here and pumped to the electric power conversion machinery. 

*:* Operating fluid (an oil or liquid salt depending on the temperatures achieved 
by the mirror concentrators - oils for temperatures ranging up to 400 "C and 
molten salts for temperatures above 540 "C). Any solar thermal energy system 
has a limited energy storage capability thanks to the thermal retaining 
characteristics of these operating fluids in combination with the insulation of 
the pipes transporting the fluid to the various parts of the system. This allows 
the system to "ride through" short periods of decreased solar irradiance. The 
exception is the STES system that incorporates a thermal storage tank or 
vessel to increase its thermal storage capability adequately; equipping it with 
the necessary means to provide for energy production for longer periods (night 
time or heavily overcast conditions). 

+:* Heat exchanger, steam generator, turbine generator, power system interchange 
control (essentially identical parts and technology as used for steam turbine 
power plants). 

The Stirling-cycle engine is a rather unique and interesting technological 
phenomenon. This engine is driven by an external heat source in contrast to 
conventional internal combustion engines. Air is the operating fluid used in Stirling 
engines. Figure A-3 conceptually illustrates the simplified cycle of this type of 
engine. It is of outright importance that the reader immediately comprehends that the 
operation of these engines relies on three very vital principles: compression of air 
causes it to heat up and expansion of air cools it down; air is compressible and solids 

. . . . . . - 
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(mechanical parts) are not; and finally, an especially large flywheel provides the 
necessary "stored energy" (momentum) to complete each operation cycle. 

The Stirling-cycle engine offers one of the few "direct methods" by which the 
concentrated solar energy can be readily converted to electrical energy. These 
engines need a fairly high level of insolation concentration and therefore are usually 
almost exclusively used in conjunction with parabolic mirror type systems. 

Heat Source Heat Source Heat Source Heat Source 

l l + +  llllll +l+llClll+l +lllll+ll+l 
(-7) 7) (7) (-7) 

Figure A-3: The Stirling cycle illustrated here with a "single cylinder" Stirling engine 121. 

A.2.2 Solar Photovoltaic Power Generation 

Solar photovoltaic (PV) electricity generation wholly relies on the available light 
energ) from the sun. Various types of "solar cells" have been developed to hamess 
the solar light energy from sunlight. All of these do however employ the same 
principles of construction and function. Thanks to the development of the multitude 
of available modem-day semiconductor technologies and the knowledge base that 
evolved around them; certain known characteristic responses of these technologies 
are effectively utilized to directly produce electrical energy. 

As indistinct11 mentioned before, solar cells are semi-conductor devices. These 
semiconductor devices consist of flat p-n junction diodes. The diodes are purpose11 
designed to be flat as to effectively guarantee that as large an area as possible is 
exposed to solar light (or more commonly sunlight). The p-n junction is located as 
close as possible to the surface of each diode's outer construction. A p-n junction is 
a certain "seam" ohtained when two different types of semi-conductor material types 
are joined. These two types are the p-type and n-type substances respectively. 

In more detail, the most common semi-conductor material used in solar cells is 
silicon. The p-type silicon is formed when a certain amount of a doping agent is 
added to the pure silicon to free up electrons and form "holes" in the silicon 
structure. The n-type silicon is obtained from adding another doping agent to the 
pure silicon to create an excess of free electrons in the silicon material's crystal 
structure. Once these two treated silicon "types" are correctly and effective11 joined 
a semi-conductor diode device has been "built". 

,, . - . . .  
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In solar cells the exposure of this junction to sunlight causes the free electrons in
the n-type material to flow through the "latent" junction region between the n- and
p-type materials towards the "holes" in the p-type material and in this manner a
driving current is established that can supply external electric loads. The exposure of
the p-n junction to sunlight results in photons hitting the free electrons and placing
them in an increased energy state that send them searching for "holes" to attach to
due to the energy they acquired from the photons, thus leading to the driving current.

A single solar cell constructed in this manner and less than a square centimetre in
size produces dc electric power (usually less than a watt) at low voltage (typically :t
0.5 V) [2]. As can be seen from these values the power needs of various electrical
equipment connected to a "solar cell" source warrants the cells to be connected in an
array of some sort, as these power requirements are rarely if ever met by a single
solar cell. Connecting the cells in series ("stacked") raises the output voltage and
parallel connections increase the output current, much like the arrays formed with
normal batteries.

The typical construction of a solar cell is shown in Figure A-4. Silicon is easily
damaged and consequently a metal backing plate and a glass cover is provided to
provide an increased measure of strength in the construction of the cells as well as
protect the cells harmful natural elements. A metallic film or fine metal screen mesh
is placed on the "negative side" of the p-n junction to act as current collector and
provide electrical connection for the circuit between this metallic film and the metal
backing plate (substrate).

metal"'~ maIIIrtal I8rtaI It8clmetalfilm)
n-typ. maCOnducto~= layer

Figure A-4: Structure of a typical PV ceU[2].

The produced potential (approximately 0.5 V) is across the p-n junction, i.e. from
top to bottom, and the current (and accordingly the power) are in direct proportion to
the designed/exposed surface area and the amount of sunlight. Because these cells
are usually no less than 112square centimetre or more than one square foot
(:t 0.093 m2)while maintaining an output potential of around 0.5 volt regardless of
the size of the cell, they are "stacked" effectively adding up their voltages setting up
a more useful potential [2].

This leads to standardized panels manufactured by a manufacturer that provides
convenient voltage levels ranging from 3-24 volts and with the series arrays parallel
connected in such a manner that the power rating is defmed by the output current
and voltage. These panels can be grouped in any array to satisfy the customer's
power requirements. The final stage is a DC/AC converter to cater for ac equipment.
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A major drawback of solar cells is that although their efficiencies are considered 
acceptable (in the range of 5-1 5 '36 taking into account that the energy is completely 
free). their effec~iveness is quite low. The aforementioned potential- and power 
values indicate that the costly solar cells have a poor area-to-power ratio for 
conventional load purposes (a household for instance). They are however the ideal 
power solution of choice for remote and rural loads as they are pollutant-free, 
virtually running cost free and easily sited. 

A.2.3 Other Renewable Generation Resources 

By now the means and methods of either mechanically or electronically 
converting the various generated energy types (electrical-. kinetic-, chemical-, etc.) 
have been well-conxersed. It is therefore suggested that no further explanation(s) 
need be made of this part of each technology. As a result it simplifies further 
discussions of the topic to the point where it suffices to present the remaining 
renewable generation resources in a few key words mhile ignoring the operation 
intricacies. 

'The first of these remaining other renewable generation resources is wind power 
generation. The kinetic energy of the wind is used to turn a windmill (or wind 
turbine). Once again, as with solar energy, the energy is free and the technology 
non-polluting. It has the major advantage that it offers a viable source of energy 
available for a full 24-hour daily period, but unfortunately wind is unpredictable and 
contrary to the promising abundance of it often proves unreliable. As with solar 
technologies they are extreme11 expensive while they also offer little energy storage 
solutions and their environmental impacts exceed that of solar power. 

In short, a variety of generators are used to convert the rotating mechanical power 
to electricity of which the syncluonous generator is the least popular as they require 
a constant rotational speed to generate and maintain the correct line frequency and 
wind will definitely not offer the desired speed by itsdf. As a result either of the 
following generator types is used to overcome the challenge of constantly varying 
wind speed: inductive gmeration, DC' generution, generations aided by a vtrrinhle- 
speed oc drive. 

Next we have low-head hydro power production. Low-head refers to the small 
difference between the high- and lo\+ water levels from one side to the other of the 
water turbine. The viability of low-head hydro (opposite being conventional hydro 
power production using a substantial head) is dictated by the suitability of a site in a 
river offering sufficient flow or head. This ultimately guarantees if the power 
generating turbine will have enough energy to turn and generate electricity [?I. 

Biomass and trash burning is another unique power production option and offers 
solutions to waste disposal while producing usable energy. The resultant ash 
produced by the burning of the waste (unwanted foliage and organic waste. trash or 
even crops grown and harvested specifically for this purpose - biomass power plant) 
unfortunately still requires waste management of its own, but land fills seem to be 
the best solution. Once again, the fuel is free but this option leads to considerable 
pollution levels. 

. . 
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Geothem~al promises to be another of the few sources of free energy relatively 
easily applied for generation purposes. These power plants are once again 
constructed where these geothermal sites exist and that seems to be its only concern 
along with high initial cost. The "measure" of geothermal activity also determines 
the eventual output of the power plant and the \.iability of it has to be considered in 
this regard. 

Tidal power is one of the most recent of these technologies and attempts to 
harness the energy of the ocean's waves and or varying high- and low tides. 
Generation using the ocean's waves is still experimental at this stage but tidal power 
using the cycle of tides is much like lou-head hydro, except that it usually only 
operates for "outgoing cycles" of the tides. Water is stored in large reservoirs during 
high tide and released to flow through the power turbine at low tide. 

A.3 Distributed Generation and Energv Storaee 

The main purpose of energy storage is to assist distributed generation (DG) 
resources. Only in a feu isolated and highly sophisticated instances are they 
intended to operate in stand-alone mode as backup for the main energy sourcing 
options. This last option will not be discussed here and brief mention of it would do. 

The assistance energy storage systems lends DG is further divided in three 
separate descriptions. Energq storage can aid in stabilizing the electrical power grid 
as seen by the DG unit allowing for the unit to maintain a constant and stable output 
under fluctuating load conditions If well-specified and adequate amounts of energy 
storage are installed, it can momentarily replace the DG for periods where the DG is 
unavailable (mamtenance or "filel-related" issues). The last instance where DG 
benefits from energy storage is where non-dispatchable DG is augmented by energy 
storage to operate as a dispatchable resource giving it the ability to exhibit a 
tolerable level of fluctuating output. These beneficial features are listed in Table A-l 
along uith the foremost distinguishing characteristics of each. 

Table A-1: The three major applications of energy storage with DG 12). 
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Briefly, the major groups of electrical energy storage are chemical-, electrical- 
and physical storage [ 2 ] .  These groups can further be grouped into two main 
approaches, namely energy stored as electrical energy (e.g. batteries) or other types 
of physical energy storage (thermal-, momentum-, etc.) from which it can be quickly 
and effectively converted to electrical energy on demand. 

The first most popular, logical and simplest means of electrical energy storage is 
provided by batteries - the storage and conversion of chemical energy to electrical 
energy. The nature of battery design, construction and operation is common 
knowledge and there is no need to repeat it here. The direct current (dc) output of 
batteries only requires a decent DCIAC converter to allow for widespread use in 
alternating current (ac) systems. 

To the author's knowledge two technologies exist that store electrical energy as 
electrical energy. The first - and by far the most sophisticated, scientific and modem 
solution (still very much in experimental development) - is the superconducting 
magnetic energy storage (SMES) system. The second is capacitors that can be 
compared to batteries. Both these systems store power at very high density and can 
release it almost instantaneously. 

These two technologies, although related in their shared goal of storing electrical 
energy, have vastly different approaches when it comes to the fundamentals of 
retaining that energy. For an SMES the electrical energy is stored as e constantly 
rotating zero-voltage current in a superconducting coil, while for a capacitor it stores 
energy as a voltage potential (a charge) between to "plates" that has no current flow 
under storage conditions. The similarity of both however is that they store power as 
dc and is easily converted to ac power when needed. 

The previously discussed solar thermal energy storage (STES) system is an 
example of physical energy storage means. Other examples include compressed air- 
and spinning flywheel systems. The stored-to-electrical energy conversion methods 
of these systems are far more complicated than those of battery or electrical energy 
storage technologies. They have a lot of auxiliary systems that are responsible for 
converting the energy, as well as storing the energy. For instance, compressor pumps 
and motors respectively for the compressed air- and spinning flywheel systems to 
"build up" the energy reserve and the thermal-to-electricity generator of the STES 
system. 

. .  , .."" . .- ." . .. 
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Appendix B Reliabilitv, Cost and Planning continued 

B.l Power Svstem Reliabilitv 

Important to immediately note is that of all the reliability definitions given in 
Table B-I. ''in/errup/ion" and "outuge" are of principal concern. These two terms 
are frequently used either jointly or interchangeably, but they have vastly dissimilar 
meanings. Outage refers to general equipment failure (or incorrect operating 
equipment, e.g. superfluous breaker trips) of the power supply system or part 
thereof. Interruption, on the other hand, is a termination of supply (or service) to one 
or more customers [?I. In other words, outages almost always are the cause of 
interruptions, but this does not hold true for the reverse case. 

T a b l e  B-I: Reliabili ty t e r m s  and definitions 121. 
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.4vailabilily She fraction of the time that scnice is 
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1 Supply of electric power in sufficient amaunt and qualiy to satisf! customer demand. 

The distributed generation (DG) planner has quite a lot of freedom when i t  comes 
to the planning of reliable exploitation of DG resources. DG offers adaptability. ease 
of implementation and control, and cost-effective means of augmenting existing 
power systems. All of these serve to make DG the preferred method of improving 
system reliability. The planner only has to take into consideration how much the 
investor is prepared to spend and what the goals (or outcon~es) of the design are in 
terms of reliability - i.e. back-up power or power quality (PQ) improvement, to 
name a few. Cost is the major concern in such planning and development schemes. 
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B.2 Planninp- and Develo~ment Cost 

Any developn~ent of sorts costs money. The planner, engineer, developer or 
designer has to be content with this fact. Any ma.jor project or development 
invariably consists of a "variety of costs'' - also termed "types of cost" [2]. The 
various elements of the cost of a major development (such as 
establishingiintroducing DG in a region or part of the power network) include 
purchases. labour. initial resources, construction and materials, operating costs. etc. 
and all of these have a single common base - money in whichever currency is 
preferred. 

Once the absolute financial value of a certain solution has been determined the 
process of choosing the best solution to meet the design specifications is largely 
based upon finding the cheapest one while meeting the majority of requirements to a 
satisfactory degree as agreed between developer and investor. A holistic approach is 
adopted in most cases where cost-effective development is the goal. but i n  some 
cases (such as sensitive ecosystems) some impacts of the development cannot be 
converted to a cost base. This circumstance influences planning in a whole other 
complex way 

The following common types of cost have been identified [2]: 

Initial cost - the investment made to acquire the base equipment, facility or 
resource(s); i.e. all the equipment and instruments that eventually erects and makes 
up the power generating facility. 

Continuing costs - the operating costs incurred during running of the facility for 
its lifetime, such as fuel for the plant, maintenance, personnel expenses. etc. 

Fixed costs - these costs remain constant regardless of the power solution (DG) 
opted for or any permutation adopted in the planning analysis thereof. 

B.3 Cost versus Reliability 

As a rule the more costly and expensive distributed generation (DG) solutions 
tend to be the more reliable. except for a select few technologies involving 
experimental and scientific approaches where greater s~gnificance is accredited to 
certain other concerns (e.g. power delivering speed, efficiency, etc.). As a result it 
has to be weighed whether the customer (DG investor, planner. developer, designer. 
and so on) wants a cheap solution, or a reliable one. 

Together with reliability comes power quality (PQ) and the more reliable DG 
solutions are almost always the ones that offer superior PQ. Thus, from these three 
prerequisites of reliability, cost and power quality an imaginary "value cube" is 
drawn showing the three established dimensions of power provision - quantity. 
quality and cost (Figure B-I)  [2]. 
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Figure B-1: The three dimensions of the DG "value cube": quantity, quality, and cost 12). 

B.4 Value-Based Planning 

Value-based planning (VBP) is when both the cost of the DG supplier, or the 
utility, lo provide thc power and the cost suffered by the consumer, or customer, due 
to the level of reliability offered (or lack thereof) by these power authorities are 
compared to determine a minimum target point where both the parties are satisfied. 
In other words, a consumer could be needlessly charged for reliability offered by a 
power providing authority if this particular customer has no need for reliability 
levels of this order. 

DG offers unique solutions for uniquc customers. This is what makes it such a 
versatile, adaptable and easily applied technology. The problem in the past was that 
utilities had to offer a single level of reliability and PQ to a variety of customers. 
With DG each consumer has the freedom to specify its own specific power needs (in 
term$ of cost. reliability and PQ) tailored to suit them individually. VBP is 
graphically illustrated in Figure B-2. 

Low Hlph 
W r n  

Figure B-2: Value-based planning involving cost to the utility and the consumer (21. 
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Appendix C Developed MATLAB@Simulink@ models

C.t Power System Scenarios
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Appendix D ~ a t h c a d ~  2001 Worksheets 

Base Value Calculations: 

The chosen base values for calculation of the relevant parameters of the model(s): 

V .- 175.10 3 'base 1 
b a s e .  ', - Ibase := Ibabe = 209.946 -I\ 

0"base A 

Power flow initialization calculations: 

(Test for violation of 1000 A limit of line currents] 
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Appendix D 

Scenario 1 : 

Line Parameter Calculations: 
The following scenano is completely fct~onal, but the same ideology was used as for the scenario 
provided by ESKOM. Many of the values are from this scenario for realism's sake. 
The following is true for evefy Line that is investigated in order to determine the line parameters: 
Line x; with x specifying the line number. 
Busy to r. with y and z specifying the bus numbers from (y) to (z) for the line between them. 
Length,: the length of Linex in km with x as defined earlier. 

R,: with R the line resistance in per unit and x as defined earlier. 

X,; withX the line reactance in per unit and x as defined earlier. 

B,; with B the line susceptance in per unit and x as defined earlier. 

Line I ; Bus 1 to 2: 

Lengthl := 87 78 R l  := 0.007?2X1 := 0.0370$Bl := 0.240600.5B1 = 0.1203 

Line 2 ;  Bus 2  to 3: 

L ~ ~ ~ g t l i ,  := l i i S 8  R-) := 001096X2 := 0.0564SA1 := 0.366960.5B~ = 0.14345 - - - - 

Line 3; Bus 3 to 4: 

. . . . . . . . . . ,., ." ,.,, ",. - 
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Line 4; Bus 4 to 5: 

Lengthj := 166.80 RA := 0.01j65X1 := 0.0?071BJ:= 0.454830.5Bj = 0.117415 

Machine equivalents for incoming line substitution calculations: 

The values of the relevant constants describing the mathematical and theoretical machine models 
were chosen with the following in mind: Stability of the entire system; Substitution of chosen supply 
transmission lines by machines to cater for realistic power quality consequences and creating a 
limited power pool for the sources of the scenario. The values were chosen under advisement from: 
the study leader, experts in the field, the research material, available data sheets (PBMR), and 
Sirnulink examples in MATLAB. 

Machine constants: 

Swing Bus: HSwing:= x Kd- swing:= 0 1 RSlving:= 0.007 h\v,g:.: 0.0526 

. . . . . . ., . . ... . .,,.,. . 
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Non-linear load calculations: 

The scenario is supposedly part of the South African grid, therefore it has to meet the South African 
power quality standards, namely the NRS048 Power Quality Standards document. This 
standardiguidellne states that for High-Voltage (HV) & Extra High-Voltage (EHV) networks the Total 
Harmonic Distortion (THD) should not exceed 3%: 

Bearing the above llmit in mind the calculations that determine the size of the non-linear loads that 
Introduce the harmonic components to the scenario were chosen such that these limits could be 
met afler establishment of PBMR in the scenario aimed at improvement of Quality of Supply (QoS). 
Furthermore, NRS048 has a summarized table stating that there are limits for each harmonic order 
subject to the above rule mentioned earlier. The table is provided In the project report in the section 
that discusses the various power quality standards. 

Distributed non-linear load calculations: 

These loads are connected at the load buses in the system and gives the scenario a much more 
realistic appearance as the real case most usually is a distributed case of small non-linear loads. 

3 {Test for violation of 1000 A limit of line currents) vr, := 11.10- 

3.15 = 4 {3 load buses available in the network and each drawlng 15 MW amounting to 45 MWJ 

Values for Snubber Capacitances and -Resistances respectively: 

2 
F',, 7 C .= rS  c C, rs  . 39.16 x l o 7  . . -  - 9 kg Ill- s ' C 3 5 . 1 1 )  ' C s  = ? S O X  10 -- F 

100o.(?.;i.f).vr, 2 s 4 7  '4- 

Value for the DC Res~stance amounting to the required load drawn. 
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Scenario 2: 

Line Parameter Calculations: 
The following scenario is completely fictional, but the same ideology was used as for the scenarlo 
provided by ESKOWI. Many of the values are from this scenario for realism's sake. 
The following is true for every Line that is investigated in order to determine the line parameters: 
Line x; withx specifying the line number. 
Busy to z; withy and zspecifying the bus numbers from ( y )  to (z) for the line between them. 
Length,; the length of Linex in km withx as defined earlier. 

R,; with R the line resistance in per unit andx as defined earlier. 

X,; with X the line reactance in per unit and x as defined earlier. 

6,; with B the linesusceptance in per unit andx as defined earlier. 

Line 1; Bus 1 to 4: 

Lenghl :- 87.78 R, :- 0.0072?XI := 0.0370EB1 :- 0.240600.5B1 = 01203 

Line 2; Bus 2 to 4: 

Length, := 133.88 R, - := 0.010962. - := 0.0C.6.1!B2 := 0366960.58, - = 0.18348 

Line 3; Bus 3 to 4: 

...-. "" . .. . . 
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Non-linear load calculations: 

The scenario is supposedly part of the South African grid, therefore it has to meet the South African 
power quality standards, namely the NRS048 Power Quality Standards document. This 
standardlguideline states that for High-Voltage (HV) & Extra High-Voltage (EHV) networks the Total 
Harmonic Distortion (THD) should not exceed 3%: 

:. THD 5 3% 

Bearing the above limit in mind the calculations that determine the size of the non-linear loads that 
introduce the harmonic components to the scenario were chosen such that these limits could be 
met after establishment of PBMR in the scenario aimed at improvement of Quality of Supply (QoS)~ 
Furthermore, NRS048 has a summarized table stating that there are limits for each harmonic order 
subject to the above rule mentioned earlier. The table is provided in the project report in the section 
that discusses the various power quality standards. 

Non-linear load at Bus 4: 

This load is connected at the load bus in the system and accounts for the non-linear load portion of 
the existing load. Thts gives the scenarlo a much more realistic appearance as the real case most 
usually is a conventional load containing a sum of small non-linear loads. 

(Test for violation of 1000 A limit of line currents} vn := 275.10 
3 

Values for Snubber Capac~tance and -Resistance respectively: 

Value for the DC Resistance amounting to the required load drawn: 

. -. - . ,.,..,., 
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Scenario 3: 

Line Parameter Calculations: 

All of the following information regard~ng the llne parameters and the structure of the Scenariowas 
kindly provided by ESKOM. 
The followlng is true for every Line that is investigated in order to determine the line paraI'I'IeterS: 
Line x: with x specifying the line number. 
Busy tot; with y and z specifying the bus numbers from (y) to (2)  for the line between them. 
Length,; the length of Linex in km with x as defined earlier. 

R,; with R the line resistance in per unit an& as defined earlier 

X,; withXthe line reactance in per unit andx as defined earlier 

5,; with B the line susceptance in per unit andx as defined earlier. 

Line 1 ; Bus 11 63 to 1350: 

Lengthl := 147.01 R1 := 0.01?07SI := 0.0631CB1 := 0.396550.5B1 = 0.198275 

Line 2; Bus 1 I63 to 1360: 
3 

LengthZ : -  68.30 RZ := 0 00561 S, :- 0 0289?B, : 0.018631 05BZ = 9.3155 x 10 - - 

Line 3; Bus 1 163 to 1360: 
3 

Lengthi := 68.05 Ri := 0.00'i57S1 := 0.0288f.B3 := 0.018556 0.?B3 : 9.2-8 x 1 0 '  

The effect of Distributed Generation on the Quality of Power. 127 



Appendix .... . .. . a"""", , , ... Appendix D 

Line 4; Bus 11 63 to 1365: 

Length? := 87 78 R4 :- 0.00722 X., :r 0.03i08B4 :- 0 :40600.5B4 = 0.1203 

Line 5; Bus 11 63 to 1365: 

k1@5 := 91.32 R5 := 0.00751 X5 := 0.03858B5 := 0.250300.5B5 = 0.12515 

Line 6; Bus 1204 to 1365: 

Le~xptk := 133." R6 := 0.(11096N6 := 0.05h45B6 := 0.366960.?B6 = 0.18348 

Line 7; Bus 1204 to 1365: 

Length7 :: 133.93 R7 :: 0.01096X7 := 0.05678B7 := 0.365?00.5B7 = 0.1826 

. .. . . 
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Line 8; Bus 1204 to 1375: 

Length8 := 107.23 RS := 0.00878 XS := 0.01221 BS := 0.29392 0.5B8 = 0.14696 

Line 9; Bus 1204 to 1375: 

Lenghg := 89 78 R9 := 0 00740 Xg := 0 03699Bg := 0 21847 0 5B9 = 0 12.3235 

Line 10; Bus 1 360 to 1363: 

I.enerh10 := 110.47 RlO:= 0.00909 X10 := 0.04667 B10 := 0.30279 0 5BI0 = 0 151395 

B l ~ ' y b a s e  B l ~ e a l - h  - 8 
10real-km := Lengthlo BlOreal_km = 362436 x CIO:= C I O  = 1.1536: x I0 

2 .n . f  

Line 11 ; Bus 1375 to 1380: 

Lenghll := 166.80 R l l  := 0.01365 X l l  := 0.07071 Bl l  := 0.15483 0 5 B l 1  = 0.227Jli Sb , , :=  0.47000 

. . .. .. ..,,., . ..,. , ,, , 
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Machine equivalents for incoming line substitution calculations: 

The values of the relevant constants describing the mathematical and theoretical machine models 
were chosen with the following in mind: Stability of the entire system; Substitution of chosen supply 
transmission lines by machines to cater for realistic power quality consequences and creating a 
limited power pool for the sources of the scenario. The values were chosen under advisement from: 
the study leader, experts in the field, the research material, available data sheets (PBMR), and 
Simuiink examples in MATLAB. 

Machine constants: 

Swmg Bus: Hswiog:= L Kd_swillg:= 0 pswutg:= 1 RS ,in := 0.02 " g 
Lswing:= 1.61625 

Voltage-Controlled B u s  HI-Ctl := rk;i 0 pvCrl := 1 RvCti := 0.02 LVCtl:= 0.:222 
- 

. .. . . . . , ,, 
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Non-linear load calculations: 

The scenario 1s part of the South African gr~d, therefore it has to meet the South Afr~can power 
quallty standards, namely the NRS048 Power Qual~ty Standards document Thls standard/guldellne 
states that for Hlgh-Voltage (HV) & Extra Htgh-Voltage (EHV) networks the Total Harmonic 
D~stort~on (THD) should not exceed 3% 

Bear~ng the above iim~t in mind the calculations that determine the slze of the non-linear loads that 
introduce the harmonic components to the scenario were chosen such that these limits could be 
met after establishment of PBMR in the scenarlo aimed at improvement of Quality of Supply (QoS). 
Furthermore, NRS048 has a summarlzed table stating that there are limits for each harmonic order 
subject to the above rule ment~oned earlier. The table is provided in the project report in the section 
that discusses the various power quality standards. 

Non-linear load at Harvard 1 (Bus 2575): 

Fest  for violation of 1000 A h i t  of line currents) 3 y .= 32.10 
n' 

Values for Snubber Capacitances and -Resistances respectively. 

RS' RS R, - 666 667 R5 - - .'. RS - 700 RS - 700x 1 0 ~ ~ 0  
cs 

Value for the DC Res~stance amounting to the requlred load drawn 

. .. . . .,., . . .. 
The effect of Distributed Generation on the Quality of Power. 131 



&?endi? .... . .... .. . Appendix D 

Distributed non-linear load calculations: 

These loads are connected at the smaller buses in the system and gives the scenario a much more 
realistic appearance as the real case most usually is a distributed case of small non-linear loads. 

Fest  for violation of 1000 A limit of line currents) v,, .= I 1-10 
3 

7 1 j = 105 [7 load buses available in the network and each drawing 15 MW amounting to 105 MW) 

Values for Snubber Capacitances and -Resistances respectively: 

Value for the DC Resistance amounting to the required load drawn: 

Ed- 
R~~ Load = - RDC-Load = 14 717 SR 

Pn 

." "." .,.,. . 
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Total loss 72.635 347.512 

Power Flow Solution by Newton-Raphson Method 
Maximum Power Mismatch = 3.68574e-005 

NO. of Iterations = 6 

Bus Voltage Angle -Load- --Generation-- Injected 
NO. Mag. Degree MW Mvar MW Mvar Mvar 

1 1.003 0,001 0.000 0.000 625.239 -23.250 230.000 
2 0.932 -13.014 0.000 0.000 0.000 0.000 0.000 
3 0.865-35.348 0.000 0.000 0.000 0.000 0.000 
4 0.823-52.149 0.000 0.000 0.000 0.000 0.000 
5 0.862 -62.219 0.000 0.000 0.000 0.000 0.000 
6 0.997 -1.349 29.616 6.744 0.000 0.000 0.000 
7 0.931 -13.250 4.506 1.021 0.000 0.000 0.000 
8 0.850 -38.778 55.343 12.805 0.000 0.000 0.000 
9 0.676 -75.105 272.575 62.100 0.000 0.000 0.000 
10 0.805 -72.503 155.845 38.896 0000 0.000 0.000 
11 0.947 0.080 0.000 0.000 0000 233.715 -300.000 
12 1.001 -13.119 0000 0.000 0.000 75.672 10.000 
13 1.009 -35.586 0.000 0000 0.000 141.665 40.000 
14 1.005 -52.466 0.000 0.000 0.000 138.533 90.000 
15 0.999 -62.447 0.000 0.000 0.000 140.759 30.000 

Total 517.885 121.566 625.239 707.093 100.000 

Line Flow and Losses 

-Lin+ Power at bus B line flow -Line loss- Transformer 
from to MW Mvar MVA MW Mvar tap 

.. ., .,.. . .. , -.- 
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Power Flow Solution by Newton-Raphson Method 
Maximum Power Mismatch = 3.79105e-005 

No. of Iterations = 6 

Bus Voltage Angle -Load- -Generation-- Injected 
No. Mag. Degree MW Mvar MW Mvar Mvar 

Line Flow and Losses 

-Lin*- Power at bus 8 line flow --Line loss- Transformer 
from to MW Mvar MVA MW Mvar tap 

-- 
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Total loss 107.336 685.793 

Power F,ow Soltmon by tvewlon.Rapnson Metnoa 
MaxlmJm Power M~smatcn = 7 57149e-008 

No. of Rerations = 5 

BUS Voltage Angle --Load--- --Generation-- Injected 
No. Mag. Degree MW Mvar MW Mvar Mvar 

..,.. . ., . . . 
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Total 517.887 121.776 590.523 369.395 100.000 

Line Flow and Losses 

-Line- Power at bus & line flow -Line loss-- Transformer 
from to MW Mvar MVA MW Mvar tap 

3 nnnn nnnn nnoo 

Total loss 72.636 347.620 

Power Flow Solution by Newton-Raphson Method 
Maximum Power Mismatch = 3.79069e-005 

NO. of Iterations = 6 

. ., ,,.,,.,, ",.", , . 
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BUS Voltage Angle -Load- --Generation-- Injected 
No. Mag. Degree MW Mvar MW Mvar Mvar 

13 1.009 -35.590 0.000 0.000 0.000 141.739 40.000 
14 1.005 -52.474 0.000 0.000 0.000 138.748 90.000 
15 0.999 -62.459 0.000 0.000 0.000 141.125 30.000 

Total 517.887 121.776 625.270 707.843 100.000 

Line Flow and Losses 

-Line Power at bus & line Row -Line loss-. Transformer 
irom to MW Mvar MVA MW Mvar tap 

s nnnn n nnn o nnn 
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Total loss 107.386 686.101 

Power Flow Salubon oy Newton-Rapnson Metnod 
Maxlmdm Power M~smatch = 3 899%-005 

NO. of Iterations = 6 

BUS Voltage Angle ---Load-- -Generation-- Injected 
No. Mag. Degree MW Mvar MW Mvar Mvar 

Total 517.887 121.776 625.250 708.078 100.000 

Line Flow and Losses 

-Line+ Power at bus 8 line flow -Line loss- Transformer 
from to MW Mvar MVA MW Mvar tap 

, . . , . , ,, . . ... -.- 
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endix F

Table E-l: Performance index information for initial- and suggested conditions.

__ bythoSlmuHntmodel""",'IIIIon. TOOl!calculatedrms Cll/culolodfro:::::::'::;:'
I. p. Q.. V. I, I., V.

3.807780 573.06200 -1.550120 1.003300 3.807780 3.8CI777O 8.1226E-03 0.005802
-n.&.- -n.&.- -n.a.- 0.000552 -n.8.- -n.8.- -n -I1.a.- .0.8.-

EffectIvevalues a of the

s..
3.807810 0.011558

_. PoUutionIndicator.tn.eapparent.
~ PQ r 1 So. and displacement.-or t.-.
573.061000 3.9882E-04 -1.555550 0.006277

__ by tho SlmuHnt model slmulllllon. ToIlIIcalculolod""" C81cU_":: AlA
V.J I. PXJ Q. Mva V. I. 1,1 V..,

0.947358 0.213752 29.81800 8.74311BO 0.947328 0.213751 0.213751 5.8855E-03
-n.a.- -n.a.. --n.a.. -n.8.- -0.422408 -n.a.- --n.a.. -n.a..

EIfvcfJveval_ of tho

p~ Q~ 5.-1S., P:':'~=~==-
4.11858E-04 8.744410 0.007220

ft/aasu_ by tho SI"",lInt model simulatIOn. ToIlIIcalculolod"". Ciiltiilolod~ AlA
I. P. Q.. a V. l. V.t I., VIIH

3.588410 527.17200 -102.902000 0.998598 3.588300 0.998609 3.585890 5.5243E-03 0.081115
-fl.8.- -n.a.. -I\.a.- -7.797420 -n.a.- -7.79786 -n.a.- "'.a.- ~.a.- "".8.-

EIfvcfJvevalues. . of tho de AlAnAB" Slrmdlnt modal s/rmdllllonresults.
Cunent.....

I..
0.081115

p* 0»1 ar ~~~~~~= =Pf::r~.
-4.7552E-03 -102.955000

C81culolodfromIha
ToIlIIcaIcuI_"". FUIIdamentaI

I.V.r I., V;
0.030783 1.000720 0.030783 4.7829E-03

-n.a.- -7.9019 -n.a.. -n.a.- -n.8.- -n.a.. -n.a.-
MATLAB"Slrmdlnt model si_ results.

t.

p,., p~ Q~ a ,SfN/~ P:oo~=:t~~=t4.508390 9.884SE.05 1.021470 0.008215
Ciiltulolodfromtho_ MATi

T_/ca~rms FundBmantaI
V. I. V., I., V.

1.004130 3.454810 1.004340 3.454400 2.0518E-Q2
-19.314700 -n.8,- -19.3142 -n.&.- -n.8.- -n.a.- -n.a.-

lysis of tho devel_ AlA Slrmdlnt modal simulationresults.
Cuf18llt nns

I. I., I.. ) s...

3._ 3.454400 0.033488 0.031399

InfotmatIon. I PollutionIndicator,trueapparenl~.J P"., (MW) L~p_ (MW) I Q,., (MIIal) S",I S., anddispl"""mentpowerfadOf.

V !I!!!L.....
1.003340

-n.a.-

c
V !E!!l.-

0.998831
-n.a.- c

Measurvd by tho Slmullnlr model simulation.

I~
0.030783

~
4.50849

-n.a.- -n.a.- -n.a.-

V~r""'~V. (PU) I v., (PU) V..)1.000710 1.000720 0.004783
c.ku1Med fhl

S-(MVA) ~0.042457 4.508480

, VTHD. (%)

0.475949

~
4.883180

, SH>! (MVA)

4.820709

-n.a.-

"aasurfld by Iha Simullnt modal simulation.

I.(PU) I P,. (MW)'I "Q,.(Mval)
3._ 501.88400 -138.308000

-n.a.- -n.a.- -n.a.-
Elfectlv. V.'UN 81

~
1.004580

Voltago (rms~

V~ V.,(PU) . I YoN) IVrHD.<%)1.004330 1.004340 0.020518 2.042940

~
S...(MV...J...~""LS"",(MYA)IS~
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endix

3 -55.343 -12.667 56.774 0.089 3.565

9 -272.575 -62.119 279.564
4-272.575 -62.119 279.564 3.429 137.152

10 -155.846 -39.224 160.706
5 -155.846 -39.224 160.706 0.799 31.973

11 0.000 -66.288 66.288
0.000 -66.288 66.288 0.098 3.917

12 0.000 85.643 85.643
2 0.000 85.646 85.646 0.146 5.860

13 0.000 182.663 182.663
3 0.000 182.670 182.670 0.654 26.171

14 0.000 228.974 228.974
4 0.000 228.986 228.986 1.039 41.571

15 0.000 170.377 170.377
5 0.000 170.384 170.384 0.584 23.348

Total loss 107.366 686.337



---

~endix Appendix F

c

0.102356

Vr.
0.139994 I 1.007139 0.076350
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M

... .=.,

.3.."
I

II V. IV"I V'"o t
ID

Maonitudo
Ci/ICulifflldtll,... .

S,. S...MVA S....MVA e.
Moonitude I 62.034200 56.839348 5.194830 55.343100

M_uredbytlleSlmunnkmodel oImu_.

v. I. ) P. Q", r'
M 1.008810 2.953780 433.59600 -107.136000

or -n.8.- -n.8.- -n.a.. -n.a..
.. EtfeI:Weval""""
III

M

,,,.V. .1. .Q", Mvar
M 1.004560 62.100300

... I AnaI.ldeaor"l -n.4.- -n.8.-

.3

.."
l- II.V.lou) I. .V.ID

M

M

M

I Anal. Ideaor..
i

I.
1.075450

... -n.8.-

.3..

I I
M

N

I Meanltude

I I M
!
::;

I ..

f..
I M

L
It 0.936598
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