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Electricity Industry Reforms in Thailand: A Histori cal
Review

% Supannika Wattana, Deepak Sharma and Ronnakora¥aly

Abstract— The Thai Electricity Supply Industry (ESI) has baadergoing reform since the early 1990s. The §tage
of reform resulted in the introduction of Independ®ower Producers (IPPs) and Small Power Produd&BPs)
programs. This was followed by, in the mid-to-l4890s, a proposal to introduce a market-orientetbma. This
reform program envisaged the separation of generafrom transmission and distribution functionstramuction of
competition in generation; development of new nmaokiented regulatory arrangements, and the prization of the
industry. This reform, argued its proponents, wiliprove the efficiency of the electricity industtgwer electricity
tariffs; improve quality of service; draw privateviestment into power generation sector; reducegbeernment’s
investment burden of financing expensive elegyrioitrastructure and hence enhance its capacityifeesting in other
priority programs such as health, education andeotBocial activities. This paper examines the vigyaof these
arguments. This examination is assisted by a héstbreview of the evolution of the Thai ElectrjcBupply Industry
(ESI). This review reveals that the above notedumrgnts are unsupportable on the basis of the tdobial,
economic, environmental, social and political réak prevalent in Thailand. This paper further emgikes the need to
clearly identify the ‘real’ rationale for reform sthat an appropriate reform pathway — consonanhvgibcio-political
contexts in Thailand — could be selected.

Keywords— Electricity Supply Industry, Historical Review, Reform, Thailand.

starts with the beginning of electricity, throughet
industry  establishment, to the foundation for
privatization, the first step of electricity reformnd
finally a proposal for a market-oriented reform.isTh
Ipaper also emphasizes the need to clearly idettidy
‘real’ rationale for reform so that an appropriagééorm
pathway — consonant with socio-political contexts i
Thailand — could be selected.

1. INTRODUCTION

Over the last fifteen years, the Thai ElectricitypBly
Industry has undergone reform in its structure, enship
and regulation. Prompted by concerns about poo
industry performance, the Thai government initiated
process of reform of the electricity industry iretiiear
1992. The first step in the process was the intttdn of

'F?d%pe”de”épio""er Pmd“cer.té'i? and tsma” Pto‘t";]erz. HISTORICAL EVOLUTION OF THE THAI
roducer ( ) programs wi e aim to meet the" L EcTRICITY INDUSTRY

growing demand for electricity. This was followeg, n
the mid-to-late 1990s, a proposal to introduce akata  This section provides a detailed description of the

oriented reform. The main catalyst for this refowas
the East Asian financial crisis of 1997/1998. Tieiform,
argued its proponents, will improve the efficierafythe
electricity industry; lower electricity tariffs; iprove the
quality of service; draw private investment intowso

historical evolution of the Thai electricity indagt This
description is partitioned into five time periodigm the
beginning of electrification in the year 1884, ke tyear

2006.These time periods signify significant changes in

the industry’s organizations and institutions. Fach

generation sector; and reduce the government'sime period, analysis is carried out to delinedte t
investment burden of financing expensive elecyicit influence of social, political and other factors siraping

infrastructure and hence enhance its capacity forthe electricity industry’s organizations and ingiins,

investing in other priority programs such as health and to explain the reasons behind electricity rafoin

education and other social activities. This paper Thailand.

examines the veracity of these arguments. This

examination is assisted by a historical review loé t 2.1 Early Days (1884-1949)

evolution of the Thai Electricity Supply Industrig$l). It
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Electricity was introduced in Thailand, in 1884 ridg
the reign of King Chulalongkorn, by Filed Marshaia®
Phraya Surasakdi Montri, after his diplomatic nassio
Europe. He first financed, with proceeds from thke of
his inherited land, for 14,400 baht, the purchasero
electric generators and accessories from Britaiarder

to electrify the army building. When news spread to

King Rama V, the general was requested to lighthap

Royal Grand Palace in Bangkok. The Palace was

electrified for the first time on His Majesty’s Biday,
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September 20, 1884. Subsequently, the homes of othe2.2 Industry Establishment (1950-1979)
Royal Family members were electrified [1]. In 188&7,
Danish company gained a concession to run an electr
trolley from Bang Kaw Laem to the Royal Palace. The
company then expanded into generation of eleatrfoit
lighting and set up a permanent generation sys&ngu

wood fuel [2]. In 1897, this company sold its cassien aimed to study the economic situation of the cquatrd
to an American company — Bangkok Electricity Light to provide re{:ommendations for the establiscﬁment of
Syndicate — with a contract that the company had to p . .

national economic planning system. The World Bank

supply lighting system for all streets and governine . :
buﬁgizgsg Hov%eer the firm operated at a Iogss kel ar_gued that_ t_he Tha' government agencies worked
: ' without a guiding vision and thus state initiativesre

transferred its concession to another Danish cognpan . ; .
Siam Electricity Co., Ltd. The office of this co uncoordinated and ineffective [5]. The Bank, theref

was located at Wat Lieb which later became the hea{ecommended the setting up of a central planniegag

office of the Metropolitan Electricity Authority (HA). tg ?rzlf/ve 3 coln;lnnswfg? ist;ug}é\?;|ghem1?;0%?q ?ﬁgngg%;e
In 1912, the Electrical Division of the Public Werk PP P ’

Department installed another power plant at Sam Se he World Bank, the National Economic Development

. L oard (NEDB) — a key entity with implication foreh
with 25,500 KW capacity in order to supply power to . . .
facilitate the construction of a filtering plantrfS8am Sen economy and polity — was established in 1959. 219

I its name was changed to the National Economic and
Water Works and also to distribute surplus powethto . .
public in the northern suburbspoprangkok. Social Development Board (NESDB), in order to

Subsequently, electricity supply in the metropalias emphasize the importance of social developmenhén t

firmly established, with Wat Lieb power plant ofa8i develo_pmer_wt process. NESDB was responsible for
Electricity Co., Ltd supplying power for the southe preparing five-year development plans for the count
areas of Bang.l,<ok and the state run Sam Sen powaet pl These plans _have guided the _transfqrmation of ahdil
covering the northern areas of the metropolis. Wihen from an agrl_cultural to an mdgstnal economy. .The
concession of the private company ended in 1958, th underlying philosophy of economic planning in Taad

government took over the operation and changed the® commitment to market economy.

name to Bangkok Electric Works. In 1958, the The. First De\_/elopment. Plan (1961'1965.). was
government established the Metropolitan Electricity gzs:cr;it\'/aélywzsputgl'Cegggjgd'teurgczrnoogrﬁg" :—:\fn#”ﬂc the
Authority (MEA) by merging Bangkok Electric Works ) 9 9

and the Electrical Division of the Public Works pnvate sector _t_h_roug_h the  provision Of_ t_>aS|c
Department. infrastructure facilities in transport, communiocais,

P ' — ower, social and public services, and agriculti4ie
For provincial areas, the government first distidal power A
power supply in Ratchaburi province in 1927 and in This first plan initiated the modern era of develmmt.

Chiang Mai province in 1931. In the early stages/gte The government shn‘teo_l its role irom dommatmg the
. . . economy through public investment to becoming a
sector was allowed concessions in power production. facilitator  of rivate  companies b rovidin
Rural electrification efforts began when government P P oy P 9
s A : .~ fundamental infrastructure. Due to limited domestic
set up a rural electricity division in the Interior savinas. foreian borrowinas by both the public dhe
Department that built power generating system ia th rivatge 'sector% were brog htyin o fill thpe ap ade
town centre of Nakhon Phanom on the Laos border [3] P 9 9ap

) S deficits and government budget deficits were common
The system began generating electricity in 1930sth\dd - . -
the power plants in those days were small-sizedetlie phenomena in Thalland during those years. On the

enerators and operated onlv during the niaht tif advice of and concessionary financing from USAIR an
genera b ony g 9 the World Bank, work began on a number of large
providing uneven service. Therefore, in order to : . . i
standardize the power industry in provincial ardas, generation projects [6]. Bhumibol was one O.f t_hrstfof
government established, in 1954, the Provincial numerous World Bank loans to EGAT for building kg

Electricity Organization, which, in 1960, becamee th scale dams and power plants. Other dams that fetlow

Provincial Electricity Authority (PEA), to be in ahge of lph:i'g nl dgjgsiriig(liolrzfiogir?lfi‘? nsarznel}\lsa:iﬁzirﬁnoﬁg dﬁ‘:]s'
power distribution in all parts of the country eptén . ' ' '

. Laem [7]. In order to receive concessionary finagci
the metropolitan areas. [7] y 9

During this period, there were no common standardsfrom the World Bank, Thailand was encouraged tonfor

i B . ! state-owned electricity companies [6]. For example,
for elgc_tncny systems espeC|_aIIy the extentwtaich EGAT is largely a World Bank creation; in fact, kado
electricity would be generated in large power plant the late 1950s, the Bank insisted that the Thai
by small decentralized systems. The structure ef th '

industry was fragmented. There was decentralizedgovemment. create an autonomous, independe_n_t power
control of the regional/individual power plants.rther, agency, which later became EGAT, as a condition for

: : . i future power loans. The Bank was not only directly
the ownership of the industry was diverse; thergewe . , . . , !
. S responsible for EGAT’s formation, it was EGAT’s mai
over 200 separate small cooperative, municipal or

rivately owned utilities [3] source of external financing, and thus exercised an
P y ’ important influence in its attention.
In 1968, the Office of Prime Minister issued the

In this period, international agencies and aid paots
began to exert considerable influence on Thai etino
policy and development programs. An event with
unusual significance for Thai economic history was
World Bank advisory mission in 1957 [4]. The missio
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Electricity Generating Authority of Thailand Act,hich due to the oil price shocks of the 1970s; decrgasin
established the EGAT by merging several regiorstbst  public and international donor funds for electsicas
owned generating authorities. By then, the Thaiisar country planners adopted neo-liberal policies that
of Interior enacted the Metropolitan Electricity #hority emphasized reduced public sector; rapid economic
Act and the Provincial Electricity Authority Act, hich expansion which subsequently resulted in rapid
in effect established the MEA in 1958 and PEA i%09 electricity system expansion; and institutionalaletion.
A typical structure of the Thai electricity industwas S
vertically integrated; for example, EGAT was thdeso The Oil Price Shocks of the 1970s
agency responsible for generation and transmissfon During the period for the Second Plan (1967-19itBre
electricity to the entire nation. The distributiand retail  had been a rapid expansion of the electricity syste
service functions were the responsibility of MEM (i  Much of this expansion was financed by borrowings.
Bangkok, Nonthaburi and Samutprakarn) and PEA (inConsequently, Thai utilities built up high debt hvithe
the provincial cities and the countryside). By 198der energy sector accounting for over 46 % of all fgrei
50 % of Thai population had access to electricily [n loans between 1967 and 1971 [6]. In fact, borrowiad
Thailand, electricity was a practical necessity of been a key factor in the sector's strategy to ntkeet
industrialization as well as played an importarie rim growing energy demands of the Thai economy [11}. Bu
national ideology, symbolizing a new type of social the charged tariff was generally lower than thet afs
compact between the state and citizen. In propagandelectricity generation. Furthermore, because ofvjea
and popular consciousness alike, images of a gocietreliance on imported oil, the Thai economy suffered
with universal and affordable electricity became severely from the two oil price shocks of the 1970s
important tropes of state-led development; the @aitjg Inevitably, Thai utilities were faced with a substal
of the electrification enterprise to the majestyitef state  debt as a consequence of these two oil shocksciadiye
can be seen in the expression of Thai peasarfessy— between 1978 and 1981, Thailand’'s oil import bill
laung, “the King electricity” [8]. The role of electrigitin tripled, sparking a debt crisis in which governmdabt
powering Thailand’'s industrialization and the rapid peaked at 39 per cent of GDP [12]. This crisis ddrc
expansion of the organizations involved made thmeeth Thailand to undertake a comprehensive economic
power utilities very strong politically. By the 103, adjustment program. Thailand took recourse to ME |
these three power utilities were effectively self- and the World Bank to agree on a structural adjaatm
regulating with the exception of basic financial program and obtain a Structural Adjustment LoanL(SA
requirements set by the Ministry of Finance [9]. Thailand received support from the IMF in the foofn

As noted above, the three power utilities werermgiro Stand-by Agreement in 1981, 1982 and 1985, and from
politically. It is, however, interesting to noteaththe  the World Bank through SALs in 1982-83 [13]. The
most powerful player in the electricity industryE&AT. 1981 Stand-by Agreement with the IMF aimed at
This is partly because of its location in the goweent  reducing the public sector deficit and to restore
structure (also see Smith, 2003 cited in [10]).tHem, international competitiveness [13]. In 1982-3, Téuadl
EGAT has not only played a major role in central took out structural adjustment loans (SALs) frone th
planning for electricity development but EGAT's World Bank with the conditionality that included
political power has enabled it to influence the increasing energy prices and implementing measires
privatization policy. For instance, EGAT employees privatize state-owned enterprises to reduce thaossal
have been rather vocal in their opposition to thedebt. However, this first effort to privatize uiidis was
privatization of state electric utilities. The rete met with fierce opposition from labour unions ofeth
cancellation of the electricity privatization pragn was  state electric utilities and independent acadendrs]
attributed by many to the opposition by EGAT union. finally defeated [6].
The multiplicity of the institutional regime foresdtricity
as noted above posed some co-ordination problears. F
instance, the responsibility for tariffs, capitafoject In the 1980s, there was a world-wide re-emergerfce o
proposals, budgets for submissions to the courkil othe neo-liberal ideology. Deregulation, privatipatiand
Ministers, annual financial performance, and retjus  free trade moved into the mainstream of political
government equity and loans is shared by severathought. Criticism of the Keynesian policies and
agencies including the Committee for Power Poliog a championing of free markets moved rapidly from w fe
Development, the Budget Bureau, the Tariff Rate academic citadels and conservative think tank into
Committee, NEADB, Ministry of Finance [11]. Often, concrete policy under the Regan and Thatcher
these are conflicts and none of the agencies has thadministration [8]. The ideology of reducing théerand
overall policy responsibility. Decisions are tydlga intervention of government and relying on the marke
made by a consensus of all the agencies, inclutieg mechanism has subsequently been widely adopted. The
three state electric utilities. economic policies influenced by neo-liberalism were

. L also adopted by the major international organiretio

2.3 The foundation for privatization (1980-1989) such as the World Bank and the IMF [14]. The rdle o
During this period, several internal and exterraadtérs  public  international financial institutions was
influenced the further development of the indusind transformed as a result of these policies. Traukiliy,
laid the foundations for its privatization. Thosectors  they had supported the expansion of generationcitgpa
include high public sector debt in the electriditdustry  through large-scale projects as discussed eatlieder

Emergence of neo-liberal policies
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the new policies, they shifted their traditionalgrasis  Representatives. This came in line with the emergerfi
on economic and social goals from assisting couimtry neo-liberal policies and established the foundatitor
its infrastructure development to an emphasis onprivatization.

increasing efficiency, expanding the role of prévat . -

investment and changing the way government manage&'4 First step of electricity reform (1990-1997)

electricity industry. As a consequence of thisrgheas a  Even though the first attempt to privatize the Thai
decrease in support funds — previously provided ‘oitv electricity industry was not successful, domestid a
interest rates and long repayment periods — froeseh international forces remained strong under the
financial institutions. These external donors began government in the 1990s. These led to the formation
make their lending conditional to the government the National Energy Policy Office (NEPO) and thgeri
opening up its electricity market to private owmgps  of IPP program. The creation of NEPO was viewed as
and competition. As noted above, structural adjestm the first effort, after the establishment of EGAMIEA
loans (SALs) was one example of the conditionah$oa and PEA, to reorganize the institutions involvedtlhie
from the external donors. Economy-wide liberaliaati electricity sector. As noted in section 2.2, selera
was coordinated through the vehicle of structural government agencies were involved in the elecyricit
adjustment loans (SALSs) [8]. policy settings. The rise of NEPO was intended to
transfer all the policy responsibility to one entii.e.
NEPO). NEPO was formed as secretariat to the newly
In contrast to the first half of the 1980s, thesva rapid  formed National Energy Policy Council (NEPC), which
and unexpected economic growth during the periodserves as a direct line to the Prime Minister’sig@ffon
1987-92. Between 1985 and 1994, Thailand has been o energy issues. Starting in the early 1990s, NEPO
of the fastest growing economies in South-East;A8a  embarked on an ambitious electricity restructueffgrt,
GDP grew at an annual rate of 9.5 percent [15]sThi the first stage of which was the introduction of
growth primarily resulted from a boom of manufaedir  Independent Power Producers (IPPs), to be follolsed
exports and the massive inflow of private investmen full competition in generation, and eventually feta
[16]. During the boom period, the annual electyicit competition[6].

demand in Thailand increased at the rate of over 10 There were also pressures from the external donors.
percent. This rapid growth was brought about bygh h By the early 1990s, international financial indfitas
rate of urbanization, an aggressive electrification sent strong signals that they would no longer He &b
program, a swift expansion in the service and provide the financing to expand electricity capadit
manufacturing industries and a favourable pricioticy developing countries at projected rates [8]. Ineortb
which made electricity use more economic than othermeet electricity demand, developing countries would
fuels. This substantially increased demand andethus have to turn to private sector. During this perittgse
power shortages. Consequently, the Energy Plararidg  external donor agencies increased pressure totigeya
Policy Office (EPPO) (formerly the National Energy for instance, by creating barriers to accessingdd@ar
Policy Office of Thailand (NEPO), allowed EGAT to the electricity sector. For example, in 1993, therlV/
sign several Power Purchase Agreements (PPAs) witlBank put in place a new electricity lending polidihis
independent power producers (IPPs) with contrachde policy enunciated new conditions for obtaining Isan
ranging from 1 to 25 years [17]. In order to attra from the World Bank. These conditions included: the
private investment with ensuring healthy profitsl dow establishment of market-based regulatory regimes,
risk to investors, the government provided generouscommercialization and corporatization of the eleitir
terms for the PPAs. The PPAs were typically stmedu  sector, foreign ownership, and encouragement foam

as ‘take-or-pay’ contracts which guaranteed IPPs ainvestment [19].

minimum purchase, whether the electricity was ndede The continuing pressures from the international
or not. financial agencies coming in parallel with the thpise

of electricity demand created a situation which saw
private investment as the best alternative. Thiscided

In this period, the government was in transitioanir  with the entry of a surplus of private capital séamg for
military dictatorships towards democracy. Before/39  investments with high rate of returns and led the
the central bureaucracy worked under the control ofinitiation of IPP program. The Small Power Producer
military rule. A catalytic pro-democracy studentisng (SPP) and Independent Power Producer (IPP) programs
in 1973 led to the emergence of a new breed of Thaiappeared to be the first steps of electricity mefan
political figures. Thai politics entered to a newage. Thailand. A brief chronology of ESI reform in Theaild
Especially during the Tinsulanonda government (1980 is presented in Table 1. Much of the focus of thierm
1988), the democratization process in Thailand waswas to facilitate private participation in elecifyc
gradually enhanced by restoring democratic ingbiig  generation in order to mitigate immediate eledlyici
and maintaining a balance between the political shortages. Since 1992, the government has promoted
differences of the military, the bureaucrats, ahg t greater role of the private sector in the poweregation
politicians [18]. Economic interests, and the pcdit business, in the form of both SPP and IPP [17]. The
parties associated with them, became more powasful purported aim of this initiative was to help reduce
the economy developed. Business interests played akGAT's investment burden and bring down the overall
increasingly important role in the House of power generation cost to levels that are lower ttien

Rapid Economic Expansion

Institutional Revolution
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generation cost in the public sector.

package outlined by the IMF [14]. According to first

As a result of IPP and SPP programs, the role ®f th LOI, the government agreed to accelerate privatinah

private sector has been increasing. Figure 1 revbal
the proportion of electricity generated by EGAT
decreased from 89 per cent of the gross energyateide
in Thailand in 1995, to 49 per cent in 2006. Durthg
same period, the proportion of electricity genetaly
the private sector increased from 11 per cent P61®

key commercial and infrastructure sectors. Thenfne
woes of the state utilities, coming in parallel twihe
new IMF loan conditions that emphasized privatati

of the utilities, gave a new impetus for accelegtihe
reform process. As a result of this, the government
committed to new structural reforms including

51 per cent in 2006. privatization of state-owned enterprises in confange
The reduction in power generation costs, however,with the agreement for international financial lcard to
could not be achieved as shown in Figure 2. (NDbese  improve liquidity in the electricity sector.
calculations are based on the inclusion of capital As previously mentioned in section 2.3, a significa
expenditure, administrative expense, electricitschase,  program of private sector participation had alrehdgn
fuel expenditure and other energy generation ex@ens  undertaken in the electricity industry, primarilgded on
The reasons for this unsuccessful outcome are thextensive use of the IPPs and facilitation of pela
following: owned distributed generation facilities under thePS
program. The next stage of the industry transfoionat
- . X g intended to build on the existing model by creating
competitive, the benefits of this, however, did not competitive markets across all elements of the shigu
directly pass to_the consumers. IPPs comp_e_ted OnI5fhe main emphasis of the second step of electricity
to acquire a I|cens_e o generate electricity andreform was to provide a market orientation to the
supply it to EGAT with fixed and Iong_—t_erm PPA. electricity industry by introducing competition in
*  Consequently, there was no competition t0 SUpPlYg|ectricity supply and providing choice to customén

electricity at the cheapest possible price to i@l f  sojact their electricity service providers.
consumers. Usually, the PPAs were signed before

the projects start and the projected costs of Btfre |
projects were overestimated to cover risk. Thig is

e Although the selection process of IPPs was

i
IS
o

common practice among the IPPs, which

informally form a cartel to push up the contract | g ]

price between themselves and EGAT, finally g o 100

passing down to the consumers. 3 g e 51 %
e Even if the selected IPPs achieved greater | 2& oo

technical efficiencies, the benefits of reduced<os § € %

were not passed on to the consumers because of | @ | 11%

the nature of long term contracts. o

1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006

The IPP and SPP programs were viewed by many as

indicators of success of electricity reform program
because these two programs and partial privatizaifo
EGAT's subsidiary received strong interest fromhbot Gross Electricity Generation
domestic and foreign investors. This encouraged the
government to accelerate the market reform progtam.  Source: [22]
1996, the government passed a resolution that would Fig 1 Electricity Generation and Purchase in Thaind
allow the separation of generation, transmission,
distribution business. However, there was strong
opposition from the electric utilities to these e@r

2.5 Proposal for market-oriented reform (1998-2006)

Year
—©O— EGAT Generation

—+—Purchase from IPP & SPP

2.00

1.60

NJ

Despite this opposition, the pressures to furtledorm
the electricity industry continued. The Asian finat
crisis in 1997/1998 was the main catalyst for smeing
the reform process. This crisis made deep impatth®
whole economy of Thailand including the electricity
sector. It resulted in the economic slow down amased
significant decline in electricity demand. This ated a
condition of excess capacity. The drop in eledfrici
demand combining with the extreme depreciationt®f i
currency made the financial condition of the eiectr
utilities rather precarious. On 14 August 1997, the gource: [23]
Minister of Finance and the Governor of the Bank of
Thailand co-signed the first Letter of Intent (LOI)
committing Thailand to the economic adjustment

1.20

0.80

Cost of Productior
(Baht/Kwh)

0.40

0.00

1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006

<
)
2

Power Generation Cost

Fig. 2 Electricity Cost 2002 consint

prices)

Production (at
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Table 1. A brief chronology of ESI reform events iflhailand

Reform Events Year
Electricity law amendment 1992
Establishment of Electricity Generating Public Cd.LgEEGCO)
Privatized EGCO - subsidiary company of EGAT 1994
IPP law 1996
EGAT privatization plan (Master Plan) 1998
Approval of the principle of establishment of adependent regulator 1999
Establishment of Ratchaburi Electricity Generatingl@b ( RATCH) 2000

Approval of Price-based power pool model
Approval of the draft Energy Industry Act

Proposal for New Electricity Supply Arrangement &/ model by EPPO 2002
Proposal for Partial liberalization, Cost-based poweol, Transitional model to net pool and
Electricity Relation Committee’s (ERC) model by EGAT
Abandonment of Price-based power pool 2003
Approval of Enhanced single buyer (ESB) model

Postponement of privatization 2004
Establishment of Electricity Regulatory Board 2005
Resignation of regulatory committees in Electri&tygulatory Board 2006
Enactment of the Energy Industry Act B.E. 2550 2007
Establishment of Energy Regulatory Board 2008

SourcesCompiled by this paper from various references

In view of the new institutional arrangements, regulate the natural monopoly (transmission and
following the creation of NEPO, the establishmeft o distribution sections) and also promote real coitipat
Ministry of Energy (MOE) in 2002 marked a signifita  in generation and retailing sections. EGAT, MEA and
institutional change in the electricity industry.s Aa PEA were recommended to split into separate comggani
consequence of this, NEPO was renamed as the Energgnd sell their assets to private sectors.

Policy and Planning Office (EPPO) and its policy- The change of government, from the Chuan to Thaksin
influencing role was reduced considerably. Predigus government in 2001, however, delayed the
EPPO directly reported to the Minister. Under new implementation of this proposal [14]. This, argueng,
arrangements, it reports to the Energy Permanentvas due to the following reasons.

Secretary [6]. In addition, the state electric itib:

EGAT (formerly under the Office of the Prime Mires), * Concerns from EGAT officials and independent
and MEA and PEA (formerly under the Minister of academics were expressed on price volatility,
Interior), were transferred to the MOE. system reliability and gdequacy of supply, abuse of

The market-oriented reform prompted the undertaking market ~power, environment and impact on
of several studies about the pros and cons ofefoem unprofitable customers in rural areas.
program. Foreign consultants and local institutiomse * The California power crisis and the
assigned to undertake studies on the ESI restiogtur implementation of the New Electricity Trading
model and privatization of the state electric titi. Arrangement to replace the power pool in the UK
These institutions proposed several reform modeéistw in 2001 stimulated uncertainty about the merits of
could be summarize as follows. introducing a power pool in Thailand.

_ e EGAT employees were strongly opposed to the
Price-based power pool plan as they argued that the power pool is a risky
In 2000, the Chuan government approved the and expensive electricity trading = system.
introduction of a price-based power pool model. The Moreover, they were concerned about loss of job
model was based on the recommendation of a study ~ Security and benefits, and loss of employment
commissioned by NEPO. According to this study, without adequate unemployment benefits.

generation companies would offer competitive bds i Another aspect worth mentioning is that the ideglog

wholesale power pool, while the newly establishedemphasized market forces were reversed during the
Independent System Operator (ISO) would be respensi o re of Thaksin government. This also playedia iro

for merit order dispatch, regulated distributiomg@nies 1o downfall of the power pool model. With the

would be responsible for power distribution withhreir aspiration of becoming a regional leader and the ¢fu

areas, and retailing companies would compete in thegeaN Thaksin focused on building a strong donesti
retailing market. The independent regulator would
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economy by using partial privatization as tools to those in free market. Transmission access is op&med
achieve national aims, for example, expandinglarge industry customers. Negotiation would be used
Thailand’s economic influence in other countriesdd an terminate PPAs of IPPs and SPPs. All new private
boosting the Stock Exchange of Thailand (SET). As agenerations compete to sell in the competitive iaria
result, the government finally dropped this modetla a free market, there is no pool and no buying dinge
turned to emphasize on partial privatization of SOE mechanism created for the free market.
The Plans for preparing EGAT, MEA, and PEA to be On 23 December 2002, the MOE, through EPPO,
corporatized and listed in the Stock Exchange wereorganized a seminar on ESI reform to brainstorm and
approved by the State Enterprise Policy Commissiondiscuss about the optimal ESI model by comparirgy th
(SEPC) on 20 August 2002 [14]. current structure with the models discussed above,
EGAT VS EPPO particulg_rly in r_elation to _electricity system §eitya
competition, tariff, regulation, quality of servicand
After the power pool model was dropped, the newpublic share offering. The deliberations at the isam
Thaksin government called for further study on mhest  were, however, unable to develop a consensus on a
appropriate ESI model for Thailand. Several ESI et®d specific model. Finally, the models proposed byhbot
were proposed by both EPPO and EGAT. In 2002, EPPGPPO and EGAT were dropped by the Thaksin
proposed New Electricity Supply Arrangement (NESA) administration because there was no consensus #iwut
which is based on the New Electricity Trading ESI model and privatization among EPPO, EGAT,
Arrangement (NETA) of the UK. Under the NESA MEA, PEA, the private sectors and academics, riesult
model, the electricity market is fully liberalized both ~ mainly from the different incentives of each agefur
generating and retailing segments. Bilateral catdrare example, EGAT, MEA and PEA prefer to stay in a
employed for electricity trading in the liberalizethrket.  monopolistic manner and support the ESI modelsdbat
During the same time, EGAT proposed the Multiple not allow them to separate. The government wouldd li
buyers/Multiple sellers-Partial liberalization (Pjodel.  to unbundled the industry and then privatize th&S@s
In the proposed PL model, the electricity market isfast as possible to promote capital market devetgm
partially opened up to allow the large industrigets to  without serious consideration on the ESI model.
purchase power directly from the generators. Th ,
proportion of the liberalized market does not exic86 Enhanced Single Buyer (ESB)
per cent of the total electricity demand. On 9 September 2003, the Cabinet approved the
In addition, EGAT appointed two consultant teams to cancellation of the Cabinet resolution of 25 JUN@ on
study and recommend a suitable reform structure. Athe ESI reform and the establishment of power poal
Cost-based power pool was proposed by Kemaassigned the MOE to conduct further study on thé ES
Consultants and Siam Commercial Bank. Under the cos model. At this time, it seemed that the future clien
based power pool model, all restructuring process i for the ESI restructuring model was unclear, howgeve
similar to the recommendation of the price-basedgyo the Cabinet approved to corporatize the whole EGAT
pool. The difference is that generators bid at rthei a public company under Corporatization Law.
marginal costs or actual or estimated variable ypectdn After being tasked by the Cabinet on 9 September
cost of supply instead of bidding at their williregs to 2003, MOE hired Boston Consulting Group (BSG) to
supply. The other model, Transitional model to New conduct a study on strategies for the developmént o
Pool, was recommended by the Asian Institution Thailand’'s energy sector and the power sectorieffay
Technology (AIT). In the Transitional model to New improvement program. This study includes studies on
Pool model, there are two models recommended for th ESI model, the regulatory framework and the tariff
intermediate and long terms. Under the model fa th mechanism for Thailand. The BSG proposed five
intermediate term, competition is introduced in alternative ESI structures: Full Competition (FCydal,
generation and separation of generation and trasgmni  Competitive Bilateral Contract (CBC) model, Partial
is recommended. A System Agent (SAGE) is formed Competition (PC) model, Enhanced Single Buyer (ESB)
from the remaining units of EGAT after all genemgti model and Super National Champion (SNC) model. In
facilities have been separated. SAGE will sepairatt® September 2003, a steering committee was formed to
two bodies, one to operate the power balancing eark advance strategies for the development of Thaiknd’
only and one to operate as a regulated retailéulfil energy sector and power sector efficiency improvegme
the remaining obligation of PPAs. A modified forth o program. The committee discussed the reform model
IPP arrangement with special PPA is created. In theproposed by the Boston Consulting Group and agreed
model for the long term, the proportion of eledtyic  that the ESB model was the best alternative thatildh
trading through bilateral contracts outside SAGE isbe adopted not only for ESI restructuring in the
expected to growSAGE s finally expectetb performa  foreseeable future, but also to facilitate the psscof
more system balancing role and less electricitditigz ~ corporatization and privatization. The ESB model is
role under PPA. In the midst of the study period, quite similar to the current ESI model (single buye
Electricity Relation Committee (ERC) — a joint model). The ESB model is different from the current
management-labour union of EGAT, also proposed themodel in that there will be an account unbundlirfg o
model that claimed to be similar to the model dhestito EGAT's generation and transmission businessesaand
be use in Taiwan. Under the ERC’s model, custormers new IPPs will have to compete directly against EGAT
divided into two groups, those in captive marketl an generation. Further, thirty per cent of EGAT wolid
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sold on the stock exchange to raise capital sottieat Energy Regulatory Office. The Energy Regulatory floa
monopoly could stand a better chance against thewas established on 1 February 2008. This regulatory
international competitors at the regional level. board is responsible for regulation of the energgta

The success, as claimed by the government, of thencluding electricity and gas. This independent
Petroleum Authority of Thailand (PTT) privatizatioim regulatory body is expected to help increase
2001, gave the impetus for accelerating the padasitn transparency, creditability and public participatio the
of state electric utilities without restructuririgue to the  energy sector decision-making. Figure 3 illustrates
reversal of the economic policy by the Thaksin current structure of the Thai electricity industry.
government, the idea of creating competitive mafiet
electricity was replaced by building EGAT adlational 3. RATIONALE FOR ELECTRICITY REFORM
Championby adopting the ESB modeThis made the IN THAILAND
disappearance of choice and competition but instea
continued to focus only on privatization of the ustty.
The initial public offering (IPO) of EGAT, MEA and As mentioned earlier, a market-oriented reform was
PEA were scheduled in the first, third, and fourth proposed for the Thai ESI in 1998 in the form o th
quarters of 2004, respectively. However, following Master Plan. The Master Plan provided guidelines,
renewed protests from EGAT and other labour unions,principles, and practices for increasing effectprevate
the Thaksin government decided, on 23 February 2004sector participation in the economy and servedhas t
to put the privatization of EGAT on hold indefirite basic blueprint for this reform. The main undertyin

In early 2005, the Thaksin government was re-etecte principle of this plan was to deregulate the indust
and the privatization program of state enterprises wherever possible to increase competition. Thisrraf
revived. EGAT was the first public enterprise to be (emphasis only on privatization plan), argued its
corporatized in April 2005, and it was schedulecb®  proponents, will [26], [27]
listed on the Stock Exchange in October 2005. @dupr .
of NGOs and labour unions filed a petition with the reduce the Investment burder] of he government as
Supreme Court a few days before the scheduleddisti yvell as the public sector d?b.t' .
On 23 March 2006, the Supreme Court ended the improve the economic efficiency of the mdustry_,
privatization of EGAT by revoking two Royal Decrees as meas_ured by (_1ec.reased costs of production
that led to its corporatization in 2005. As a cansnce gnd/or price O.f Service, . . .
of this verdict, EGAT will remain a state enterpriand improve quality of service, including enhancing
the plans for its stock market listing were carent[24]. consumer choice; . .

With the view to provide effective regulation, the Comp'ete needed infrastructure  investment
Thaksin government established the interim regulato projects; -
namely the Electricity Regulatory Board, on Decembe reduc_e sg_b_S|d|es and loan guarantees to state
1, 2005 [25]. This regulatory board was temporarily eI_eptnc utilities; .
established because it was expected that the pennhan ut!l!z_e the proc_eeds from the sale of state atectr
regulatory authority would be established by thergy utilities for reinvestment in the economy and

Industry Act social sector;
— improve and/or expand services;

— create new employment opportunitiasd
— enhance government ability to invest in social and
public services.

d3.1 Purported rationale for a market-oriented reform

Generation | EGAT | | IPPs & SPPY |Neighbouring Countrigé—

| | 2 A deeper review, however, reveals that the above
l a noted arguments are unsupportable on the basikeof t
g technological, economic, environmental, social and
Transmission EGAT (= % political realities prevalent in Thailand. The toling
& discussion provides support to this claim.
>
=2 . .
v v v 5 Attract private investment
) im]
Distrbution MEA PEA ooredt (= Attracting private investment is one of the major
etal | (Metropolitan)| | (Rest of the country) arguments for reform. Such investment clearly ddpen

on investor confidence in the country’s economyalhi
is typically shaped by the political and institutad
climate for economic policy, legal system and colntf
Fig. 3 Current structure of the Thai electricity industry corruption. In Thailand, the constitutions and goaace

- philosophies are combination of the traditional and

changes to the structure of the electricity indudtralso  traditionally involved a delicate balancing act vee¢n
resulted in the resignation of the interim reguisitdn the crown, the army, the bureaucracy and powerful
December 2007, the government enacted the Energyconomic interestf29]. Political and legal frameworks

Industry Act B.E. 2550 which emphasized the are weak. Corruption is widely perceived to be riose
establishment of the Energy Regulatory Board armd th

Note:! The Energy Regulatory Board was established imuzaf, 2008
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governance problem. Transparency International®720 GINI coefficient (commonly used indicator of ecoriom
survey listed Thailand as 84out of the 179 countries inequality) for Thailand for 2004 was 0.49 (0 iraties
surveyed with Corruption Perception Index (CPl)aqu perfect equality and 1 indicates perfect inequnli8a].

to 3.3 (on a zero to 10 scales, with 10 being leasupt) It is evident from the above discussion that a migj@f
[30]. The Opacity Factor for Thailand for 2004 va&s(0 the poor live in rural areas where it is uneconoioic
indicates best and 100 indicates worst) [31]. Taetor extend electricity supply. These people do not hinee
represents the five key dimensions that affecttabpi capacity to exercise choices or even to pay their
market, namely corruption, legal system, economicelectricity. Consumer choices, therefore, appeabeo
policies, accounting standards and practices (it insignificant for them.

corporate governance and information release)
regulatory regime [31]. Such climate, therefore,uisio
not inspire much investor confidence. Moreover, the The electricity market reform, argued its proposent
political and policy uncertainties associated witie would lead to create new employment opportunities.
military coup also have contributed to loweringestor ~ This argument appears to be unjustified. It wadat,
confidence. argued by multilateral agencies, international lsaakd
financial institutions that the Thai electricity dimstry
was inefficient. Such inefficiency, it was furthargued,
The argument that electricity reform would lead@&o resulted from overstaffing, poor management, ingffit
reduction in electricity prices does not appearb®  operation and uneconomic pricing practices. The
supportable on the basis of available evidence.expectation that electricity reform would lead teate
According to Sharma [32], ‘Electricity generation new employment, therefore, contradicts itself wiitie
accounts for nearly two-thirds of the total cost of causes of electricity reform

'New employment opportunities

Reduction in electricity prices

electricity supply... In a situation of excess apa In fact, even in developed countries, for example
competition in generation has a potential to exertAustralia, which implemented electricity marketaeh
downward pressure on the cost of electricity préidnt since 1991, a number of people employed in its

But electricity system in Thailand still confrontittv a electricity industry have continued to decline sirtbe
condition of capacity constrained system. Therefibris onset of reform [34].
unclear how the competitive pool would lead to a
reduction in electricity prices. In contrast, iteggs that
the cost of electricity production is likely to begher as  Benefits of reform in terms of improved service,
a consequence of environmental concern. In redognit enhancing government capacity for investing in othe
of global warming, there is now pressure for getiega  social and public services do not appear to hawe an
electricity from environmentally benign fuels. reference point for convincing the possibility dfet
Besides, Fathollazadah and Sharma [31] statedithat argument. A belief in the success of electricitipre in
is widely known that electricity in the ASEAN regias other countries (mainly developed countries) and in
sold at subsidized rates and it is also common letye replicability of such success for Thailand appdarbe
that electricity is priced below it marginal costinost  baseless. The economic, political, social and cailtu
countries in the region’. In fact, the proponerftseform backgrounds of those countries are significantffiedent
argued that subsidies should be removed in order tdrom Thailand. These backgrounds are important for
reflect marginal cost of production. Consequently, designing reform program because they reflect sdver
removal of subsidies clearly could not lower elieity dimensions of reform and critically influence the

Other benefits of electricity reform

price. feasibility of reform program and hence the outceme
On the question of removal of subsidies, it needset  that could be achieved from them.
viewed in a larger socio-political context. Subsgi The earlier discussion suggests that much of the

provide considerable benefits to consumers who haveunderlying arguments for reform are untenable. &her
generally low levels of income and electricity are inconsistencies between the purported ratiomade
requirements. As a consequence, removal subsidizedealities prevalent in Thailand. The discussiontHer
electricity to this group of consumers may not only reveals that the planners aim to achieve a rativerse
socially undesirable but politically unfeasible agll and wide range of objectives from reform, for exéamp
[31]. attracting private investment, improving quality of
service, developing capital markets, and ensuring
economic prosperity. There does not appear to lye an
Providing choices to consumer to select their servi compelling logic behind these objectives. For insta
providers seems to be meaningless when vieweden thhow the electricity price (currently below margirtalst)
context of Thailand where: 10 % of the population could be decreased. The outcomes of this reform,
remain under the national poverty line of 1386 Badat  therefore, are unlikely to be desirable.

person per month, only 1 % in urban but 13 % iralrur
areas; 84 % of the population live in rural areas a
generate income from agriculture-related activjtide A historical review of the Thai electricity indugtr
distribution of income in the country is highly sked, (Section 2) has revealed that the ‘real’ rationat f
with the top 20 percent earning nearly 12 timeseamor electricity reform was different from what are aeduby
income than the bottom 20 percent in the year 2€%¥;

Enhancing consumer choice

3.2 ‘Real’ rationale for electricity reform
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the proponents of electricity reform (As presentad by Palettu [35] in the case of PTT experience.
Section 3.1). The ‘real’ rationale, it is arguedshits
roots in several internal and external developments
influences. For example:

This review also suggests that the sequence of step
undertaken to reform the electricity industry inaitand
was somewhat out of synchronism. For example, the
« One major influence behind electricity reform was establishment of the strong, credible, and independ
pressures from the international financial regulatory body should have preceded industry
institutions such as the World Bank, IMF and restructure. It seems, however, that the whole narog
Asian Development Bank. These institutions, was focused on the industry privatization. Consatiye
especially the World Bank, played a significant it appears only the economic dimension of the @ogr
role in promoting, strategizing and even received attention and other dimensions were ighore
compelling electricity reform in Thailand. For Since electricity reforms have widespread ramifored
example, the structural adjustment loans (SALs)which extend into economic, social, environme rdail
which Thailand took from the World Bank, in political spheres of society, the government shquid
1982-3, came with conditionality that included more focus on these ramifications. Reform desibe, t
implementing measures to privatized state-ownedauthors argue, should be based on broader objsctive
enterprises. In fact, it should be evident from theincluding sector-finance viability, adequate invesht in
earlier discussion that the World Bank and othernew generation, reliability of supply, equitableess of
international agencies have continuously played arsupply, promotion of social equity, environmental
important role in shaping the Thai electricity protection and effective regulation. Also, regulsito
industry since 1960s. reform is a prerequisite for the effective implenagion

«  Another significant influence for electricity refar ~ of the reform program and for the ongoing govereaoic
arose in the context of major economic crisis, forthe industry. A regulatory process with high degoge
example, the oil price increases of the 1970s andransparency, accountability, and provision for Igub
the Asian Financial Crisis in 1997/8. As discussedparticipation would contribute to good governant¢he
above, these crises created opportunities for th€lectricity sector. This would help achieve balance
international donor agencies to impose newbetween various interest groups, for instance, ipubl
funding conditions on developing countries; consumers and investors.
resulted in economic-wide reforms — conditions
outlined by the donor agencies. For example4. CONCLUSIONS
market reforms under the Structural Adjustment
Loans (SALs) and the Letter of Intent (LOI) by the
World Bank and IMF respectively. More

This paper describes the historical evolution & Thai
electricity industry with emphasis on the interrzaid

. . . - external forces that have shaped such evolutiothelt
mtergstmgly, t_he undertaking of electricity rafor examines the veracity of purported rationale for
was mcl_udfed in both of tlhes_e two progra;ns. electricity reform in Thailand. A review of the Tiha
Dfo:jnesnc orces Welr N da S0 meortant. The p:coces%lectricity reform reveals that the purported nadile for

of democratization led to the emergence Of NeW, yaryat-griented reform is unsupportable on trseshaf
liberal business leaders. Therefore, the politicaly, technological, economic, environmental, soeiadl
|deolpgy changed in favour O.f the marke.t. political realities prevalent in Thailand. Thisbgcause
Previously, the government considered electricityy,o -~ gqcio-economic realiies in Thailand are not
gs al vital mgrfedﬁnt fo_r social andd_eclonomh'cconducive to the undertaking of market reform as
evelopment of the cmzens_.._Accor Ing yt eproposed. These realities include macroeconomic
government took all responsibility for electricity .,ngitions, its power system, its political sitaati the
provision. It resulted in the establishment of gj,o of country and the capacity of its domestiaricial

vertically-integrated _public m(_)r_wopoly SWUCLUreS. arket and institutions. This paper also recommeinals
Under the market-oriented political Ie_adersh|p, the_regulatory reform should be undertaken prior to
government created space for the private sector iRy, ,cturai reform

electricity development. The economic crisis also
cr_eated a political opportunity for th(ﬂT markgt- REFERENCES
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e e, Energy Challenges for Thailand: An Overview
VL
}"’r% Srichattra Chaivongvilan, Deepak Sharma and Suamdg
aJD

Abstract— Thailand is one of the most dynamic countries in South-east Asia. Energy has traditionally played a vital
role in its economic growth. Currently, over 50% of the energy consumption in Thailand is imported. The energy
demands are expected to increase by approximately 4.5% per year over the next decade. The future economic
prosperity is, therefore, dependent on the provision of adequate energy. In order to ensure such provision, effective
national energy policies would be needed. This is likely to be a challenging task. This paper examines if the current
energy policies are adequate to meet this challenge. The examination reveals that the current policies are not adequate.
This paper further recommends the need to develop a comprehensive framework that could be used to analyse the
economy-wide impacts which could provide guidance for the development of appropriate energy policies.

Keywords— Energy Challenge, Institution, Policy, Thailand.

of effective national energy policies is howevéely to
1. INTRODUCTION be a challenging task for Thailand due to a varigty
internal and external factors. This paper idertifieajor
energy challenges faced by Thailand and examinge if
current policies are adequate to meet these clgaléen

Energy is essential for social and economic weihgpef
a nation. More so, energy in developing countrigs i
needed to raise the level of vast majority of papah
from subsistence to self-sustaining levels. Consetiy,
the demand for energy has increased rapidly in the History Projections
developing countries. According to [1], ‘The prosex 200000 < >
economic development in the developing countries ha 1600004
involved a strong growth of energy demand overlaisé
; ) ; . 120000+
50 years'. Thailand is one of the most dynamic gyer

intensive economies in South-east Asia [2]. Overlést 80000 1
three decades, its total primary energy consumgias 40000 -
increased rapidly, from 8,642 thousand tonnes of oi

equivalent (ktoe) in 1973, to 85,189 ktoe in 200an- 0
average annual growth rate of 7.2%. In comparitios,
average annual growth rate of GDP over this penad
4.2%. This increasing energy demand was mainlytdue
industrialisation, urbanisation, and economic gro{@].
It is also worth noting that the economic and eperg
growth took place in an environment of static, iedle
declining population growth. For example, the
population growth rate in Thailand decreased from 2. ENERGY CHALLENGES
0.93% in the year 2000 to 0.66% in the year 20071{4  In view of the significant energy requirements &velop
is expected that the future energy demand woulet@s2  the country, along with the dependency of economy o
mainly due to the expansion of intensive energyforeign fuel, and global development, Thailand
manufacturing, road transport, and rural and urbanundoubtedly faces several challenges to ensure the
development. According to [5], if Thailand’s curten provision of reliable and affordable energy suppli€he
energy trends do not change (that is, in the basias-  main issues that underpin these challenges indhee
usual scenario) in the years to come, the primaeygy following.
demand in the year 2025 would be 186,659 ktoe, as . :
compared to 85,189 ktoe in 2005. Clearly, the wiovi 2.1 Energy-economic interactions
of adequate energy supply is essential for Thailemd The Thai economy has grown rapidly and so has gnerg
order to promote economic growth. To ensure suchconsumption over the last 30 years. Figure 2 shows
provision requires effective energy policies. Thesign Thailand’s average annual growth rate of GDP and
energy consumption over the period 1972-2006. The
figure suggests that there is a correspondenceeketw
Srichattra Chaivongvilan (corresponding), DeepdiarBia and energy Consumptlo_n_ and ecqnomlc growth. Prior ® th
Suwin Sandu are with Energy Planning and Policycufa of 1973 energy crisis, Thailand’s rate of energy

Engineering, University of Technology, Sydney (UTSgl: +61-2- consumption, which grew by 15% in the year 1973,
9514-2631; Fax: +61-2-9514-2655; E-maithaivon@eng.uts.edu.au

ktoe
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Fig.1. Primary energy demand and projections [4][6]
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reduced to minus 4% in the year 1974. Again, Thdilsa

natural gas infrastructure. To meet the rising dwdriar

energy consumption and hence economy were impacteénergy, Thailand has made rigorous efforts to edpan
by the second oil shock of 1979. The average annuatomestic production. It has also tried to promaiggbe

growth rate of GDP of 10.7% in 1978, declined t8%.
in 1980. And, the growth rate of energy consumpfah
from 3.2% in 1978, to minus 1% in 1980. The figalso
shows that Thailand’s energy consumption was styong
affected by the 1997 East Asian financial crisise Thai

economy which expanded by 2.2% in the year 1996
energy Figure 3 shows

shrank by 36% in the year 1998. And,

participation in the energy industry. However, thes
efforts were stalled in the year 2006, due to jwalitand
societal constraints. The challenge to attract new
investments therefore stays.

2.4 Environmental impacts

the relationship between carbon

consumption growth rates for the years 1996 and199 emissions and economic growth. As Thailand’s ecognom

were 10.8% and minus 7%, respectively. These 8tatis
reinforce the strength of the relationship betweerargy

recovered from the 1997 financial crisis, the govesnt
has pursued policies that promoted new investments

and economy, and also shows the influence of therebuild country’s industrial base while increasiotier

world’s energy and economic events on Thailand.

measures, such as international cooperation and

Due to the limited indigenous energy resources,environmental protection. Thailand signed the Kyoto

Thailand is strongly dependent on imported fuelsictv

Protocol on 2 February 1999, and ratified it in Asg

are important for country’s economic development. 2002. However, carbon emissions increased by almost

Many of those fuels are obtained from politicallylatile
regions, for example, the middle-east. Any geotstyia
volatility in these regions is likely to have peptble

impacts on the world economy and, by implication,

Thailand. The ongoing high oil price and ésticipated
influence on thebalance of payment account for the

4,000 thousand metric tons of carbon between 20d1 a
2002, despite Thailand’'s ongoing efforts to improve
environmental quality [11]. Thailand is now facedhwv
the consequences of environmental degradations
resulting from carbon combustion. The future saarin
energy demand is likely to worsen the country’'s

country and consequential slow-down of economic environmental situation. And any environmental @pli

growths is just a case in point.
2.2 Security of energy supply
There has certainly been increasing recognitiorthef

aimed at, say, reducing carbon-dioxide emissionmfr
the energy sector, is likely to constrain econognmwth.

The pressure to reduce carbon-dioxide emissions is
however real and therefore the question of reciaticih

importance of energy security since the 1973 energybetween environment and economy has emerged as a

crisis. A significant portion of the oil and gasnaends
are
development. Since the 1990s, Thailand’s total arim

significant challenge. This challenge is

policy

imported to maintain the country’s economic compounded by the fact that Thailand currently doats

have any coherent policy framework to address

energy mix has been heavily dominated by oil (aboutenvironmental issues.

50%) [7]. In the year 2005, Thailand’s oil consuiopt
was 910 thousand barrels per day, whereas oil ptimau
was only 330 thousand barrels per day, which mereatt
Thailand imported nearly 570 thousand barrels bpei
day [8]. Even though Thailand has large proven naatu

2.5 Social impacts

Energy is a key factor in our daily life. Directhnd
indirectly, energy policies affect society. Accarglito
[12], ‘Because of the direct relationship between

gas reserves and natural gas production increase@roductivity and energy use, a main premise issbatal

significantly over the last few years, the coungtyl
remains reliant on imports of oil to meet growing
domestic fuel demand. In 2005, for example, ove¥ 95
of crude oil requirements were imported and it dbst
economy around US$13 billion — approximately 9.686 o
2005 GDP [2]. According to [9], ‘Thailand is facing
major challenges concerning its energy supply,zdgral

and economic structures could be substantially and
regressively altered by large energy use consfaint
Further, according to [13], ‘To make efficient pmidis,

the analysis of the distribution impact of poliay social
acceptances is the requirement’. The social impatts
energy policies include employment, equity of psiemd
consumer interests [14]. Several works, for exarfipté

energy resources are fast depleting, leading to arand [16], have expressed concerns about the lack of

insufficient supply of energy to the private
manufacturing and service sectors, as well as ¢hergl
public’. Thus, ensuring the security of energy dvpp
the major challenge for Thailand.

2.3 Energy investment requirements

Thailand energy consumption is forecasted to groana
average rate 4.5% to sustain economic growth opé#b6

consideration of social impacts in the current Thai
energy policies, especially related to electriaigform
policies. According to [17], ‘A recurring theme Trhai
history is that the power sector does not receilevel of
attention from civil society in proportion to its
significance to Thailand’s economy, environment and
society...very few players submitting ideas for pabli
discussion and even fewer analytically rigorous

annum to the year 2025 [4]. This increased energydiscussions of options, approached and strategiés.
demand would require significant investments in the overlooking of the social impacts could render the

energy infrastructure, for example, according t®][1
Thailand would require a total investment of $168-2
billion to the year 2030 for the expansion of dliedty

generation capacity, transmission, including oild an
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policies meaningless, and result in a waste of time
money. The cancellation of the Thai Electric Supply
Industry (ESI) privatisation plan in the year 20@6a
case in point.
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2.6 Political influences compared to the world energy prices. Oil and petrol
were strictly consumed in the households, tranggiort
and military sectors. Electricity was availableyotd the
wealthy families.

Thailand’s policy institutions are numerous, spreadr
different ministries sections and departments, rofte
operating in an isolated manner. Under the
Administrative Organisation of State Affairs ActqM) World War 11 and international influences (1932-1970)

BE. 2545 (2002), these units are purportedly méant Tpgjjand became a constitution monarchy in the year
function in a unified manner. The Office of therRel 193> The Energy Division wasstablished in 1933,
Minister is the central body, which in itself ranas a \yqrked under command of the Ministry of DefenceisTh
ministry. The responsibility of this office is l&y  ihitia energy policy institution was responsibler f
concerr!ed with fprmulatlng and detecpng the cctEfIm national energy planning and policy development an
the national policy [18]. As the Office of the Pem energy trading. In the year 1937, the Energy Divisi
Minister is under the direct command of the Prime ¢ upgraded to be the Department of Energy.

Minister and the cabin_e_t, the approvals of policme_ World War Il began in the year 1939 and caused
influenced by the political preferences of the RNm  gconomic and identity crises for the country. Thebple
Minister. Political constraints therefore could erfere suffered from essential commodity shortages, irs@eéa
with the need for effective policy development, yayation and high inflation [17]. The main eledisc
especially if the political system is corrupt. Aig and  gation was destroyed during the war. However, the
6 show the structure of energy institutions befar®l  ggiaplishment of the oil refinery at Chong Non-Bethe
after the 2002 institutional arrangements. year 1940 assisted Thailand to deal with this aaiti
2.7 International conflicts situation. _

) ) ) o In the year 1945 after World War Il, Thailand was
Thailand is an important member of several intéomal  foceq py foreign companies and the United Nation’s
organisations, such as WTO, APEC, ASEAN and GMS. 5gencies to open its petroleum market. Under this
A number of agreements have been signed in order tQyessyre, the government, under Prime Minister uan
strgngthen the _relat|0nsh|p and political powerthe Apaiyawong, decided to let foreign companies take
region. ~Occasionally, some of agreements haveconirol of the country’s oil refinery and all of tp@leum
conflicted with national policy agendas. For ins®n pyginesses in 1946. The Department of Energy was
Thailand  wishes  to import  more energy from gisbanded. However, the Energy Division and Energy
neighbouring ~ countries; however, national policy siock Organisation still remained, primarily forlitairy
emphasises decreased import dependency. Suchatenfli aa50ns. In 1953, the Energy Division was upgraded
could obviously affect other sectors of the economy be the Department of Energy and Defence. The

The issues noted above suggest that the developmegjyernment decided to assume control of the colsntry
of an appropriate energy policy is likely to be a energy business again. The Chong Non-See oil rgfine
challenging task. The following sections of thisppa  giation was taken back from foreign companies, iand
analyse if the current energy policy environment in giarted producing petroleum under the authoritythef

Thailand is adequate to meet this challenge. Thai government in 1957. In this period, the demfamd
electricity increased rapidly. As part of this dieyament
3. AREVIEW OF ENERGY INSTITUTIONS process, the National Energy Authority (NEA) was

The energy system in Thailand can be categoristed in créated in 1953, under the National Energy Authorit
two major industries, namely, petroleum and eleityi Act, reporting d|re(_:tly to the_ Ministry of Prime Mrster.
Both these industries are currently under the conaned ~ [17], cited in United Nations (1963), explained the
the Ministry of Energy — the apex energy planning a respon5|b|ll_t|es of the NEA: _‘NE_A was responsibla f
policy institution in Thailand. This paper focusas the ~ the planning and coordination of schemes for

evolution of national institutions for energy plampand  development and utilisation of all energy resouinesie
policy. country’. In the year 1959, Bangchak oil refinetstimn

The evolution of the energy policy institutions in Was established with the capacity to produce 5,000
Thailand, examined in this paper, can be classifiesis ~ Parrels per day of petroleum. The Metropolitan

and international influences (1932-1970); the esman  Authority  (PEA) and the Electricity Generating

liberalisation (1981-1997); and the reform era @99 1958, 1960 and 1968, respectively, responsiblect@s
present). state-owned enterprises in the electricity sector.

Absolute monarchy (before 1932) The expansion of state-owned utilities (1971-1980)

Before 1932, Thailand purchased oil and petroletamf  The rise in world energy prices in the year 1978rigly
two foreign companies, namely, Standard Welcome Ojlimpacted the Thailand economy; Thailand’s oil impor
Company and Royal Dutch Petroleum Company. Asdependency was 95% at that time [4]. The governsnent
there was no competition, the prices of energy depe ~ Pegan to consider alternative energy sources ihstéa
solely on the prices set by these companies. Assalty imported fuel. The Natural Gas Division was estiti#d

resources. The Petroleum Authority of Thailand (PTT
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was established in 1978, to work as a state-owned
enterprise in the petroleum sector. During thisqukrthe
state-owned enterprises rose in power, and the able

NEA declined.
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The conflicts between institutions became an issuerenewable energy’. Therefore, NEA lost politicalmsy
According to [17], ‘In theory it was the responitlyi of as well because it lacked a clear area of respitisiln
the NEA to regulate the utilities. ... The utilitiesfused  the year 1971INEA was renamed from National Energy
to share key information with the NEA which would Authority to National Energy Administration. It was
have allowed the NEA to effectively serve as a transferred to be under the Ministry of Science,
regulatory body. As it became clear that the NE&éal Technology and Energy in 1979.
data, analytical capability, and enforcement autjathe : - o
NEA became simply an energy data collection agenC)):'n"’mC""‘I liberalisation (1981-1997)
and also the agency entrusted with energy effigiemd The importance of energy in achieving economic ghow
renewable energy’. Therefore, NEA lost politicalmsp emerged as an issue in the 1980s, when energy deman
as well because it lacked a clear area of respititisib  increased rapidly due to industrialisation and
The conflicts between institutions became an issue.urbanisation of the country. According to [20], &h
According to [17], ‘In theory it was the responéilyi of 1980s were a period of structural adjustment and
the NEA to regulate the utilities. ... The utilitiesfused  industrial take-off... the economic boom was largely
to share key information with the NEA which would export driven, especially the latter half of the8@S.
have allowed the NEA to effectively serve as a Consequently, the country’'s economic structure
regulatory body. As it became clear that the NEZkéal changed,... the industrial sector accounted for aBo
data, analytical capability, and enforcement autjpathe of GDP in the 1980s’. During these years, Thailand
NEA became simply an energy data collection agencybegan to notice the impact of inefficient energyigies
and also the agency entrusted with energy effigiemz and institutions, for example, the impacts causgdhle

57



S Chaivongvilan, D. Sharma and S Sandu / GMSARN International Journal 2 (2008) 53 - 60

1979 energy crisis and the 1990 gulf war. To imprthe Exchange was cancelled in 2006 by Thailand’s Suprem
efficiency of country’'s energy system required Administrative Court.

significant energy investments. In order to attrthese

investments, Thailand decided to liberalise itsrgme 4. A REVIEW OF ENERGY POLICIES

industry. In 1985, the PTT Exploration Production
(PTTEP) was established, responsible to explore
petroleum resources within and across the couRti.
was restructured in the year 1992, on the basis o
recommendations made by McKinsey & Company Inc.
As a result, PTT improved its performance as a
commercial entity. As part of institution evolutiothe
National Energy Policy Council (NEPC) and the
National Energy Policy Office (NEPO) were estaldidh

in the year 1992, to be the national energy policy
gzggjrttlr?]r;sm |2?teé1r<]jer;; IID\leEv'g'Iop,:l‘nEeﬁt gﬁg Fifgr?gt?gn (EPPO), under the National Energy Policy Councit Ac
(DEDP). In the same year, the government began thé3E 2535 (1992).

electricity reform. The Small Power Producer (SBRJ Policies on privatisation and liberalisation

the Independent Power Producer (IPP) programs h i ind ivatisation irgifand
appeared as the first step in this reform. Thetigy | "€ Policies on energy industry privatisation inaifan

Generating Company (EGCO) was created as abegan to be formulat.ed ‘F‘ 1992, \.Nith the aim _toedtm
subsidiary company of EGAT, purchasing electricity the energy sector, primarily to satisfy the growergrgy

from SPPs and IPPs. The privatisation plans forAME demand and economic expansion. SPP and IPP projects

PEA and EGAT were announced. They were howeverVere created to increase private participation he t

fiercely opposed by the labour unions of the stégetric electricity m_arkets. Th_e 1997 financial crisis a_mde
utilities. As a result, the electricity privatisati was  ©nSuing rapid economic slow-down forced Thailand to

e : g t the conditions associated with the economic
postponed and no significant changes in the ebégtri accep .
industry occurred during the second half of the(E99 adjustmgnt package offered by the IMF. This promipte
the Thai government to accelerate the energy reform

Thereform era (1998-present) program. In September 2001, NEPO approved the
privatisation plan of PTT, the state-owned oil agab
enterprise. Thus, PTT became PTT Plc. For the
electricity industry, EGAT was slated to be corpised

in the year 2003 as a public company under the
Corporation Law. However, the privatisation plansrev
cancelled by the Supreme Administrative Court ia th
year 2006 due to the political and societal oppmsit
According to [22], reasons of this cancellation &ver
‘...the conflicts of interest plaguing the informatimf

the committee that worked on the state agency
corporatisation process; the conflict of interestthe
appointment of a chairman for the public hearing
committee and the improper process of the heariuys;
the fact that EGAT would still have held state powé
land expropriation after being privatised'.

Since 1932, the main focus of Thai energy polidias
been to reduce the country’s dependence on imports,
1especially oil imports. Indigenous oil productiomda
diversification of fuel resources therefore recdive
considerable policy attention. However, there weoe
consistent and coherent energy policies to achieese
objectives until 1992. After the establishment &ERC

and NEPO, the central energy agencies, severaygner
policies were formulated. This section reviews majo
energy policies that were approved by the NEPO

The impacts of the East Asian financial crisis (1/98)
brought the institutional issues to the fore. Aqildnd is

an energy-importing country, evidently the energy
sectors were strongly impacted by the financiasisri
(see, Figure 2). This economic crisis was one e&f th
factors to stimulate the energy industry for furthe
reform. The significant debt due to past infragiuue
borrowings and their poor performance also induced
Thailand to privatise its energy sector. As a resalthe
administration of Prime Minister Thaksin Shinawaira
office 2001-2006), the government policies focused
economic and energy industry reforms. The govertimen
made several institutional arrangements with the
principle objective of improving the efficiency of
institutions. Several organisations were estabtisie
order to centralise the formulation and implemeaiabf Policies on energy conservation

the country’s policy. The Ministry of Energy (MORJas . I .
established in 2002, under the Administrative The main objectives of the Energy Conservation

Organisation of State Affairs Act (No.5) BE. 2545 Promotion Act BE 2535 (1992) are to promote energy
(2002). More than 20 government agencies, in conservation and encourage investment in energy
ministries and state-owned enterprises, respondisle Savings in the factories and buildings as specifigdhe

energy planning policy, regulation and implemewiati Iaw_. Under th_is Act, financ!al support is availalfxbe. the
were unified. The supervision role of NEPO was Proiects that improve efficiency of energy consuomt

transferred from the secretariat of the Prime Mariso | nailand has already implemented two phases ofggner

o tion programs. The first phase was in greg
the Ministry of Energy. NEPO was renamed the Energyconserva ..
Planning and Policy Office (EPPO). In the year 2001 1995-1999 and the second phase 2000-2004. Tha#and

NEPO approved the partial listing of PTT. PTT was now implementing the third phase of energy
privatised and became PTT Plc., listed on the Stockconservation program (2005'2011.)' The past andiegis
Exchange of Thailand. For the electricity industrythe conservation policies are summarised as follow:

year 2003, EGAT was approved by the cabinet to be - Thefirst phase (1995-1999)

corporatised as a public company under the Corporat

Law. However the plan to list EGAT on the Stock The policies during this period can be divided into
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three categorises, namely, compulsory, voluntary,less stringent as compared to Thail§2s]. According to
and complementary. The compulsory program [26], ‘...in the future, Thailand will be the main yer of
includes the financial support for the developnmait hydro-electricity from the neighbouring countrieada
energy efficiency improvement in the existing will act as a middleman, selling power to the other
factories and commercial buildings. The voluntary nations’.
program focuses on research and developmeniThe foregoing review of the existing energy pokcie
projects in the area of energy saving potential, suggests that while these policies are well intewd,
technologies, and policy. The increased competencythey are insular, narrowly focused and lacking in
of human resources and public campaigns areconcerns about their economy-wide impacts. Moreover
emphasised in the complementary program. The totathere may be some inherent conflicts among various
expenditure in the first phase on these prograns wapolicies. For example, while the privatisation and
$195 million. The total value of energy saving over liberalisation policies could attract energy invesnts,
the period 1995-1999 was $203 million. they might raise issues of sovereignty. The energy
conservation policies, while useful, may not beeatd

- The second phase (2000-2004) meet the rapidly rising energy demand. Moreovee, th
This phase continued the conservation programs fronrising economic prosperity might militate againbe t
the first phase. The compulsory, voluntary and adoption of meaningful energy conservation programs
complementary programs remained. Renewed effortFurther, increased energy cooperation policies dcoul
was devoted in this phase to promote the energyensure energy security but might affect sovereignty
conservation plans among various groups in society.Some of the above noted anomalies could be trawed t
The total expenditure used in this period was $396the fragmented nature of decision-making and ptamni
million, nearly double the expenditure in the first and policy development processes. For examplee tiser
phase. The total value of energy saving wereno apex body that has the overall responsibility fo
estimated to be $334 million over the 4-year period providing strategic direction for policy developmeits

. implementation, feedback, and refinement. Even the
- Thethird phase (2005-2011) modelling approaches followed by the energy plagnin
The energy conservation policies in the currenspha agency (namely, EPPO) appear to be essentially
can be divided into three main parts, namely, thetechnocratic, bottom-up, and devoid of economic
renewable energy development program, energylinkages. Against this backdrop, this paper argines
efficiency program, and the analysis of energy the current energy policies are unlikely to be aftde
strategies program. This phase expects to reswt in provide a satisfactory redress to the energy ahgdle
decrease in energy consumption for producing onefacing Thailand.
unit of GDP from 1.4 to 1 and increase in the sludire
renewable energy to 8% of total primary energy by5. A WAY FORWARD

the year 2011. A possible way forward is to develop a “policy
Policies on international energy cooperation coherence”. This would entail changes in the curren
policy settings, involving changes to the planning
philosophies, institutions and implementation picast
The energy planning philosophy woufged to clearly
articulate its link with the broader economic,
environmental and social policy regimes — with full
recognition of the socio-political realities of Tiland.
Such articulation could be assisted, for exampieugh
the development of a comprehensive modelling and
policy analysis framework that allows integration
between technical, economic, environmental andasoci
realms of energy development — and mionportantly -
provides a justifiable mechanism for the recontidia of
conflicts that are inevitable in such policy segtimThe
development of such a framework constitutes theecr
focus of these authors’ research.

Thailand is a participant in several regional egerg
programs, for example, the ASEAN and GMS energy
cooperation programs.The electricity demand in
Thailand is forecasted to reach 49,975 MW in tharye
2020, which is almost double when compared to the
electricity demand in the year 2006 (25,371 MW)][23
In order to meet the future demand, the expansidheo
electricity industry is necessary. This might ceeat
several issues relating, for example, to investment
environment, public health, and livelihood of penpl
However, the increase in imported energy supplynfro
neighbouring countries could meet increased etgtri
demand in Thailand [24]. The ASEAN 2020 Vision
adopted in 1997 by the heads of state at fHASEAN
Informal Summit envisioned an energy-interconnected
South-east Asia through the ASEAN Power Grid ard th
Trans-ASEAN Gas Pipeline Projects. These ventuais ¢ ACKNOWLEDGMENT

for regional cooperation in power pooling and gichattra  Chaivongvilan would like to thank

maximising efficient use of energy resources [25]. \ir Ronnakomn Vaiyavut, of the Energy Planning and
Thailand is a strong supporter of the Power Grgjgmt  pyjicy program, Faculty of Engineering, Universit

in ASEAN, especially the construction of hydro-eter Technology, Sydney (UTS) for his useful comments.
dams in Myanmar and Laos. This is disturbing beeaus

this could place environmental and humanitariaairssr
on Myanmar and Laos where environmental laws are

59



(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

9]

S Chaivongvilan, D. Sharma and S Sandu / GMSARN International Journal 2 (2008) 53 - 60

REFERENCES on Climate Change, Bangkok, Ministry of Science,

Jobert, T. & Karanfil, F. (2007) Sectoral energy Technology and Environment

consumption by source and economic growth in[21]Lucas, N. J. D., Ambali, J., Chang, E., Forbes-
Turkey.Energy Policy, 35, pp. 5447-5456. Ricarte, M. S. & Shrestha, R. M. (1988nergy
Shrestha, R. M., Malla, S. & Liyanage, M. H. (2007) ~ Policies in Asa: A comparative study, Singapore,
Scenario-based analyses of energy system _ McGraw-Hill Book Company. -
development and its environmental implications in [221The Nation (viewed 2006). Delayed EGAT listing
Thailand.Energy Policy, 35, pp. 3179-3193. would hit confidenceThe Nation,

Utistham, T. (2004) Policy options for energy http://wva.nat|onmult|med|a.com - _
conservation in the manufacturing sector of [23]BOI (viewed 2007). Energy Statistics. Thailand

Thailand. Energy Planning and Policy, Sydney, Board ofInvestmenhttp://www.boi.qo_.th .
University of Technology, Sydney. [24]EGAT (_2003). A_SEAN Pc_)wer Grid. Electricity
ADB (2003) Thailand Energy Indicators. Asian Generating Authority of Thailand,

Development Bankattp://www.adb.org/ http://www.egat.co.th
NEPO (1999)Thailand Energy Srategy and Policy, [25] Atchatavivan, P. (viewed 2007). ASEAN Energy

Bangkok, National Energy Policy Office. Coopgration: An  Opportunity for Regional
EPPO (2006) About EPPO. Energy Planning and ___Sustainable Energy Development. ,
Policy Office, http://www.eppo.go.th [26] Ryder, G. (2003)Beh|nd the ASEAN POWET'. Grld,
EPPO (2004). The Status of Energy Security Policy ~ 10ronto, Energy Probe Research Foundation.
and Programs in Thailan@™ | EA/ASEAN/ASCOPE

Workshop on "Qil Supply Disruption Management

Issues’. Siem Reap, Cambodia.

EIA (2007). Thailand: Country Analysis Briefs.

Energy Information Administration,

http://www.eia.doe.gov/emeu/cabs/Thailand/Backgr

ound.htm|

MOE (viewed 2006). About MOE. Ministry of

Energy,http://www.energy.co.th

[LO]APEC (2006). Thailand: Country Analysis. Asia-

Pacific Economic Cooperatiohttp://www.apec.org

[11]CDIAC (viewed 2006). Thailand carbon emissions.

Carbon Dioxide Information Analysis Center,
http://cdiac.ornl.gov/

[12]Starr, C. & Field, S. (1979) Economic growth,

employment and energlgnergy Policy.

[13]Wlstenhagen, R., Wolsink, M. & Burer, M. J.

(2007). Social acceptance of renewable energy
innovation: An introduction to the concejiinergy
Palicy, 35, pp. 2683-2691.

[14]Sharma, D. (2004). Electricity Prices in Restruetur

Electricity Market in Australia: A Panoramic
Discourse.

[15]Greacen, C. & Greacen, C. (2004) Thailand's

Electricity Reforms: Privatisation of Benefits and
Socialisation of Costs and Riskacific Affairs, 77.

[16] Sirasoontorn, P. (2004). Privatisation, Restruotyri

and Regulation: Electricity Supply Industry in
Thailand. Canberra, Australian National University.

[17]Greacen, C. E. (2004). The Marginalisation of

"Small is Beautiful*: Micro-hydroelectricity,
Common Property, and the Politics of Rural
Electricity Provision in Thailand.Energy and
Resources, Berkeley, University of California.

[18]Asian Info (viewed 2007) Thailand.

http://www.asianinfo.org/

[L9]INESDB (2006). National Income of Thailand.

Office of the National Economic and Social
Development Boardhttp://www.nesdb.go.th

[20]Office of Environmental Policy and Planning

60

(2000). Thailand'dnitial National Communication
under the United National Framework Convention



T. Kerdchuen and W. Ongsakul / GMSARN International Journal 2 (2008) 61 - 66

o Re, Optimal PMU Placement by Stochastic Simulated Anndang
/ for Power System State Estimation

.
N
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% Thawatch Kerdchuen and Weerakorn Ongsakul

Abstract— This paper proposes stochastic simulated annealing (SSA) for solving optimal phasor measurement unit
(PMU) placement in the power system for state estimation. The placement of PMU is used to detect bad data. The
critical measurement free system can detect any single measurement bad data. Critical measurement identification is
included as a penalty function. The topologically observable concept is used to check observability. Total cost of SSA is
less than hybrid genetic algorithm and simulated annealing (HGS) especially in the large systems.

Keywords— Power system state estimation, Stochastic simuéat annealing, Observability, PMU placement.

system bus are coding for PMU placement. The
1. INTRODUCTION topologically observable concept is used to check
observability. This observability concept is easily
observed that all buses are connected by a single

d L All bh : ._connected graph. Results are shown both only system
and control. All phasor measurement units (PMUS) inghqeraple  and  observable  considering  critical

power system might be synchronized either by setell measurement free.

or fiber optic systems. PMU can measure bus voltage

magnitude, bu_s voltag.e phase a}ngle and real and\ma 2 FUNDAMENTAL OF PMU PLACEMENT

current flow in the incident lines [1]. Conventidna

power system state estimation uses power flow andPMU placement is generally required to make théesys
injection measurements connected via remote tetminaobservable. Moreover, the reliable measuremenesyst
unit (RTU) to control centre. Then, nonlinear state is required such as bad data. Critical measurefmesis
estimator in energy management system (EMS) isnecessary for bad data detection in any measurement
processed. If PMU is used, linear power systeme stat
estimation can be used [2, 3].

So far, a few PMU is placed to enable bad data
detection [1]. In power system with conventional The linear model for real power and bus phase argfle
measurement, bad data is detected by additional PMUconventional state estimation are expressed invartig
Power system state estimation with bad data deteddi  form
satisfied for the measurement system without alitic
measurement. Critical measurement is identified by z, =Hy0+e, 1)
Peters-Wilkinson method [1]. However, several md&ho
are introduced for critical measurement identifmat4, where
5]. In [4], critical measurement is easily iderddi by
residual analysis. In [6], the entire measuremgstesn z, real power measurement vector of real power flow
for state estimation is connected via several PNiuUs and injection measurements
bad data detection is not considered. In [4], bathd
detection is considered for optimal measurement
placement. Remote terminal unit (RTU) with Hps measurement Jacobian matrix for real power
conventional measurement is placed by genetic measurements versus all bus voltage angles
algorithm (GA). Residual analysis is used to idgritie
critical measurement.

In this paper, optimal PMU placement is proposed fo
state estimation. Critical measurement identifaratby PMU can measure both voltage phasor of its own bus
residual analysis is included in the cost funcidr8SA  and current phasors on incident branches. Thiscaypi
and hybrid GA and SA (HGS) [9]. The “0” and “1” at measuring configuration is shown in Figure 1.

In Figure 1, a PMU is installed at bus B, thus & bu
voltage phasor and three current phasors are neshsur
Each incident branch, the current phasor measurtemen

Thawatch Kerdchuen (corresponding auhtor) is Wtiamangala ~ between buses andj can be written in rectangular

University of Technology Isan, Nakhonratchasimaailemd. E-mail: . . .
thawatch.ke@gmail.com coordinates as shown in Figure 2, whereand y,, are

Weerakorn Ongsakul is with Energy Field of Studgjah Institute defined as series admittance and shunt admittance
of Technology, Thailand. E-maitngsakul@ait.ac.th respectively

The rapid growth of computer and communication
technology is challenging to power system monitprin

Measurement Jacobian with PMU for Observability
Analysis

bus phase angle vector

€ real power measurement error vector.
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Fig. 1. Phasor measurements by a PMU

l. =C. + |D.
10 y=-y, =-y,04

ij 1j

Fig. 2. Transmission line model

The expressiong; and D; are

C; =ViY; cos@, +6; V)Y, cosg; +6;

]

Dj =ViY Sin0 +65)+VY; sing; +6; )-VY; sin@ +6; )(3)

FVY, cost+6, (2)

The system states are estimated if the measurement
system is observable. Since the observability is
independent to the branch parameter, all branch
impedances are assumed as j1.0 p.u., and all hages
are assumed as 1.0 p.u. Based on (4) to (7) and the
assumption of impedances and voltages, thus the rea
part of current phasor can be written as

r%‘l(lij):d_dj

Therefore, the linear model measurement Jacobian
H.sin (1) when PMU installed at buis can be written

asH,;

g 9 o

gl. 10 0
Ho=1,[. 1 -1 0
ll.. 1 0 -1

The above measurement Jacobian assumes the

installed PMU at bud and two incident branches. The
topological observability is easily introduced toadyze.

If all buses are connected by current flow measergm
the system is observable. Similarly, the systesaid to

The power system state vector is given aspe topologically observable if rank of,, is equal
x=[V, V,..V, g, 52..5n]T . Thus, the entries of toN-1,whereN isthe number of system buses. In this
measurement Jacobiah corresponding to the real and topologically observable consideration, the rajv of

reactive parts of current phasors are:

Sy = YaC0S@ +6, )Y, cosg +6,

oc,
W:Yij cos@, +6; )

]

00

G _ V.Y, sin@d, +6,)

ao‘J 1 I 1]

o, .
W—Yg sin(g, +6,)-Y; sin@, +6,)

oh; .
— =Y, sin@d +6.)
ov

. ij i ij
J
23

oD,
35 =V)Y; cos@; +6; )

J
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oC, : .
— = VYssin@ +6,)+VY; sing, +6, )

oD
—L=VIY, cos@ +6, )+V,Y, cosg +6

(4)

)

(6)

(7)

H,; should be deleted, since all connected buses are
emerged only via current flow measurement.

Critical Measurement | dentification

The WLS estimator will minimize the indeXx),
defined as follows.

J(X) = (z=Hx)"W(z —Hx) (8)

Matrix W is a diagonal matrix whose elements are
measurement weight factors. If bad data or grossr er
occurs in a measurement and makes unable to estimat
the system state, measurement is defined as aatriti
measurementc(n). Thus, in case of single measurement
can be lost from the power system that means power
system is absence of critical measurement. Therdfer
absence of critical measurement in power systerd, ba
data in any single measurement pair is detected. In
filtering process, the state estim&te which mini-

mizesJ(X) in (8) can be obtained from:

a—‘]: H'W(z-HX)=0
()4
X=G'H"z (9)
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whereG =H'H is gain matrix. The residual vector
defined as the difference betweem and the
corresponding filtered quantitigs= HX. In a dataset

received for processing, tie measurement is declared
critical if:

r(i) = z(i) - 2() = 0
E@,i)=0

(10)

oe(i) = (11)

Using of (9) and (10), the residuals in terms ehetnts
of matrixE as follows:

r=z-2=z-Hx=z-H(G"'H"z2)
(12)
=(1-HG H "y =Ez

whereE =1 -HG "H"and z is unity vector (This
simplification is based on the fact thamn property
established from equation (10) to (12) is indepetlge

of measurement values). Therefore, thecomponent of
residual vector is calculated by:

r(i) =ZE(i,k) (13)
k=1

For eachz(i) of measurement set, if(i) andg(,i) are

zero, then declargi) as critical measurement [4].

3. PMU PLACEMENT PROBLEM
FORMULATION

The objective function of optimal PMU placementtas
minimize the cost of those PMUs placement in thegqro

(17) are used whenPd observability concept used.
Similarly, the system is topologically observable i
constraint (17) is satisfied.

Cost evaluation of solution is following to (14)ttwi
penalties. Penalties include observability, andiceti
measurement. However, the minimal penalty part
requirement is observability.

Min  Cost (Npyy )= Npyy + Penalties (18)
Penalties = Penaltyl + Penalty 2
Penaltyl =[N -1-rank(H )| (N) (19)

Penalty2 = (No. ofcm)(N )

First penalty is appeared if system is unobservakie
penalty2 is occurred if the system is with critical
measurement.

4. SSA IMPLEMENTATION

This SSA is derived from adaptive SA with very fast
annealing [8]. The important components for optimal
PMU placement solving are solution coding and new
solution generating.

Solution Coding

Random solution bits of solution coding represent
position of PMUs in a power system. For example, th
10-bus system with 12 branches is typical shown in
Figure 3.

0100110010

system. The number of PMUs is directly dependent onFig. 3. Typical random bits solution of 10-bus sysim for

the costs of PMU. Thus, the objective is to minienihe
total number of PMUs as follows

) Nemy
Min Cost (Npyy )= Y. PMU, (14)
i=1
subjects to the observability constraints
zero_ pivot =1 (15)
or
rank(G,5) =N-1 (16)
or
rank(H,5) =N -1 a7
whereN is the total number of PMUs, aRMU; is

PMU
the i" PMU of entire system. MatrixG,; and H, 5 in
(16) and (17) are related with the terms of curfeow

measurement of PMU installation. Constraint (15) is

used when triangular factorization or numerical hoelt
is used for observability analysis. In (13), zeroop
encounters during factorization. Constraints (18d a

SSA initialization.

In Figure 3, PMUs are installed at buses 2, 5, & @n
These solution bits are used to form measurement

JacobiarH ;. Then, cost function in (18) is evaluated.

New Solution Generating

Initial solution is perturbed to generate new golut
Perturbing method of SSA uses bit flipping and bit
exchanging. Fifty percent probability is appliedvieeen

bit flipping and bit exchanging. Position for biipping
and positions for bit exchanging are randomly gatest.
Perturbing method is shown in Figure 4.

0101100010

010011001
A ()
Flipped Bit Exchanged Bits
@) (b)

Fig. 4. Typical new solution creating (a) bit flippng (b) bit
exchanging.

63



T. Kerdchuen and W. Ongsakul / GMSARN International Journal 2 (2008) 61 - 66

SSA Process Table 1. Numerical PMU placement in several systems
SSA process for solving optimal PMU placement is Number of PMUs
shown as follows: System Observable Observable withoutm
Step 1 The solution is randomly initializeKint) , HGS| SA HGS SA
also initial temperaturé =50 and temperature 10-bus 4 4 6 6
lengthT, = N. IEEE 14-bus 4 4 8
Step 2 Solution evaluation of initial solution IEEE 30-bus 10 10 18 18
(Costint ) using (18), set old solution IEEE 57-bus 20 19 29 28
s e e X w10 e a3 465 | e

Step 3 Set iteratiork =1, set maximum evaluation
stepmaxstep = 400 and the same result

counterS=0
Step 4 If k < maxstep andS <100, set sub-
iterationk, =1. Otherwise go to Step 5.
Step 4.1: Ik, < T, . Otherwise go to Step 4.2
Step 4.1.1: the new solutioXrfew) is
created by th&old perturbing
Step 4.1.2Xnew cost evaluation

Step 4.1.3: iXnew cost< Xold cost,Xold =
Xnew andXb = Xnew . Else B12 B13 B14

|f e(>(0Id cost-Xnew cost)T > ra.nd , XOld =
Xnew. OtherwiseXold = Xold.

Step 4.1.4: S&¢ =k +1 and return to Step
4.1

Step 4.2: update temperatire T,e™*" [8],

wherec = 2g{709msSR)b) [ g
guenching factor, 0.5, arits is
number of solution bits

Step 4.3: IBold = Xb,S=S+1.

OtherwiseS=0.
Step 4.4: SeBold = Xb . (b)
Step 4.5: Sek =k +1, return to Step 4. Fig. 5. Typical optimal PMU placement withcm free for (a)

. 10-bus system (b) IEEE 14-bus system
Step 5 The best solution iXb

This solution updating Step 4.1.3 makes the ditersi |, Taple 1, the number of PMU for making the
of solution, and the new direction of search st  opservable system is less than that for making the
addressed by new solution generating. Temperaturgpservable system with critical measurement frem. F
length is defined by the number of solution bits. critical measurement free, any single flow current
However if we need to reduce the computing time, measurement of PMU can be lost while the systestilis
temperature length can be decreased. observable. Therefore, the number of PMUs is higher

considering only observable system condition.
5. NUMERICAL RESULTS

The total number of PMUs and their locations whethe 6. CONCLUSION

with observable or observable with critical measuzat Optimal PMU is placed in power system for power

free are given in Table 1. To compare, HGS [9]ls0a gystem state estimation. Critical measurement feee
used to solve optimal PMU place_me.nt. HGS is based 0 jncluded for bad data in any single measurement
GA that uses SA acceptance criterion for chromosomeyetection ability. SA with stochastic new solution

selection. Population size, crossover and mutationgenerating is introduced as SSA. SSA result has
probabilities are determined by expe_riments. Nuoatri  indicated that the number of PMUs and placemesssit
results by SSA and HGS are shown in Table 1. Ai&0 t 416 [ower than HGS, leading to investment costragi

typical PMU placements are shown in Figure 5.
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e e, Control of Single Phase PWM Converter for Renewable
V" - - -
$ < Energy System Using Active and Reactive Current
3 LQ = Components
}"’r% S. Wangsathitwong, S. Sirisumrannukul, S. Chateatard W. Deleroi
a,9

Abstract— This paper presents a control of single-phase PWM power converter based on active and reactive current
components. In this control scheme, the active power and reactive power can be directly and independently controlled.
The line current phasor is decomposed into active and reactive current components, which are in phase and quadrate
to the system voltage phasor, respectively. Therefore, two control loops, one for the dc link voltage or active power
control and the other for reactive power control, can be formed. Feed forward technique is employed to decouple two
control loops and a standard Pl controller can be used in each loop effectively. With reactive power control the
proposed system can be used to perform as voltage regulation. The performances of the proposed control were
simulated and illustrated for rectifying mode, inverting mode and load voltage regulation mode.

Keywords— Single-phase PWM converter, Active current and ractive current components, Decoupled control, PI adroller.

on hysteresis control [3]. This controller is siegnd
1. INTRODUCTION robust but there are several disadvantages such as

. variable switching frequency, current error bandl an
Renewable energy sources such as wind energy (WEyqh frequency limit [4]. Furthermore, due to the a

and photovoltaic (PV) system are widely used amirth gy, ,55iqal reference current waveform, the desigihe

installed capacities are dramatically increasedyeyear.  p| coniroller for this signal is not as simple bs tlesign
These systems require power electronic converter Qi e constant reference signal

control the energy transfer, whether they are iedlar
grid connected. Both WE and PV can be operatechas a
individual system or a hybrid system. When a system
connected to the electric supply, the convertertrbes
able to handle bi-directional flow of the activedan
reactive power of the converter, i.e. the rectifyiand
inverting modes of operation.

This paper proposes a control method for a single
phase PWM converter. The method is based on active
current and reactive current components. These two
components are derived from the ac line currene Th
active current component is a sinusoidal ac cundmi¢h
is in phase with the supply voltage. The reactiveent
. component is a sinusoidal ac current which is in
For three-phase system, the m_odel of the convester quadrature with the supply voltage. At steady stite
based on d-q synchronously rotating reference fiiie  agnitudes of these current components are constant
[2]. In this frame, the three-phase ac v_oItageg ar?dCOnsequentIy, the single phase PWM converter can be
currents are transferred onto the d-q axis, whish i ;onuqjled in the similar fashion to the control tofee-

oriented along the supply voltage vector. The activ phase PWM converter system based on the d-q abés. T

power and reactive power are decoupled a_md the rpoweoperation with this control scheme leads to a linea
flow between ac supply and the dc link can be

control design technique and a simple design ofitin
independently controlled to flow in both directions d d P d P

filt ith ified high switching f :
For small renewable energy systems that are iastall for i) @ Specitiec igh SWHECHING frequency

. | h v sid b With reactive power control, the proposed control
In rural or remote areas, the supply side convenay be  o:ppigque can be used as a voltage sag compenator.
of single-phase type. The supply side converter

is . :

IR . the voltage at the point of common coupling (PCf@pd

controlled to maintain constant dc link voltage and o5y 5 specified value, the reactive power flow ithe

produce ac sm_usmdal current waveform at the point . ac system will be increased and the PCC voltagebeil
common coupling (PCC). The ac current reference is

. ) . restored.
derived from 50 Hz sinusoidal voltage waveform an This paper is organized in four parts. The
current controller is required to track the refeen

f llv. th | sch isdl mathematical model of a single phase PWM converter
waveform. Normally, the current control schemeas based on active and reactive current components is

described in Section 2.1. In Section 2.2, the lized
model is analyzed to determine system stabilitye Th

S. Wangsathitwong (corresponding author) and i@uBarannukul methOd to compensate voltage sag is descrlbed in
are with King Mongkut's Institute of Technology Mior Bangkok Section 2.3. The simulation results are shown ictiSe

(KMITNB), Bangkok, Thailand. Phone: +66-2-9132508t.€6304; 3 for rectifying mode, inverting mode and voltageg s

Fax: +66-2-5874356; E-magsww@kmitnb.ac.th : . . . . .
S. Chatratana is with Technology Management CeiNetional compensation mode. The conclusion is given in Becti

Science and Technology Development Agency (NSTDAJ1 4.
Thailand Science Park, Paholyothin Rd., PatumthEmjland. e-mail:
somchaich@nstda.or.th

W. Deleroi was with Delft University of technologyDelft,
Netherlands. E-mailverner.deleroi@skynet.be

67



S Wangsathitwong, S. Srisumrannukul et al. / GMSARN International Journal 2 (2008) 67 - 74

2. SYSTEM CONFIGURATION AND
MODELING

2.1 Nonlinear Model Analysis

The single phase PWM converter is a H-bridge
converter connected to the electric supply witha d
capacitor on the dc side. The simplified model is
depicted in Figure 1. The supply voltage and dc grow
equations for the PWM converter are given in (13 an

(2).

ol
Idc iRe | |
Je} | |
RS | I
. | Renewablg
ug Is Vg -~ E | Energy |
| | System |
| | |
| |
| |

Fig.1. Single-Phase PWM Converter

R dig

Us = Rsig + LSE + Vg 1)
Eige + EC(jj—E = Eige = Py (2)

By assigning the supply voltages, as a reference, the
instantaneous values of, is andvs can be expressed as

us = Ug sin(wt) 3)
is = lgsin(t - q) (4)
Vg = Vgsinwt - d) (5)

The expressions foiig andvs, can be expanded into
two terms as

(6)
(@)

is = Igsin(wt) + 15, cosit )

Vs = Vg, sin(wt) + Vg, cositt )

where the active and reactive components of thepts
(Isp lsp) and voltage$Vsy, V) are

- Is sin(@)
-Vg sin(d)

|5p=|SCOS(C])a |Sq

Vsp = VS COS(d), VSC|

The average single phase ac active power and veacti
power flow are

1
1
Q=- EUS|Sq )

Substituting (6) and (7) in (1) and separating the

68

coefficient of sin@t) into one equation and the
coefficient of cosfd) into another equation, the two
equations can then be expressed as

dl

RS|SP+LSd—f"=US+V\A_S|Sq-vSp (10)

di
RS|Sq+LSd—fq=-\M_S|Sp-qu (11)

If the power loss in the converter is small and ban
neglected, the dc power in (2) is equal to the dva
power in (8), i.e.

dE

T

Ldls

Eige + 5

EC (12)

Apparently, the active current component can bel use
to regulate dc voltage and the reactive currentpmrant
can be used to regulate the reactive power.

The block diagram of the proposed PWM converter
control is shown in Figure 2, with the selection\Gf-c
control and reactive current control. The control
objective in Figure 2 is to maintain the dc linkltage
(E) at a desired value and the reactive currbg[jt) @ta
reference either positive, negative or unity pofeetor.
Some important characteristics of the control ldop
Figure 2 are as follows.

1) The voltage of the line is measured and the
magnitudels and the reference anglet are derived.

2) The line currents is measured with the help ot
to obtain active current componety, and reactive
current componenty,. |y and I will be used as
feedback signal for current control and as feedémdw
signal for decoupling process.

3) In the dc voltage control loop, the dc voltagé¢he
capacitorkE is measured and fed back for comparison. A
Pl controller is used to regulate the dc voltagbe T
active power commandP* from the controller is
multiplied by a factor of RJs to obtain the active current
commandls, . The error of the active current command
and the actual active current is the input of asothl
controller. The feed forward signal aflLdg, is added to
the output of the controller to decouple the reacti
component from the active equation. The supplyagait
is then added to obtain the active voltage compionen
commanVy,

4) Similar reasoning can be used to describe the
signal flow in the reactive current loop.

5) The active voltage command, reactive voltage
command and the reference angle of the voltage fhem
measurement are the inputs for the PWM controller.

6) The PWM controller generates switching signals
for the converter.

2.2 Linearized Model and Stability Analysis

The nonlinear equation in (9)-(12) can be lineatifg)
and the linear control analysis such as stabilibg a
design technique can be directly applied. The finea
relation between converter terminal voltageg, and dc
bus voltageE, is expressed as
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Fig.2. Control Block Diagram of Active and ReactiveCurrent Component of PWM Converter
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V4 control 2/Ug | ol VSq A
Sp
I =
q
al U
U | * <S—US& at
i S -
U * Ii - Ii o
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-« &l  —=
Ve control L SO |
S’
ac supply
Fig.2. Control Block Diagram of Active and ReactiveCurrent Component of PWM Converter
vs = mE 13 . 1
s (13) Pac = Eige = E(VSPISD +V3q|5q)
Equations (10)-(12) can then be rewritten in state
equation form as follows. Py = %VS(ISp cosd- lg, sind) 17)
LS = R 4wl + Us - Vg) (14)
s~ "~ Rslg slsq s~ Vsp Vs. _ :
dt Fldc = :—2LVS(ISpcosd- lsq Sind)
LeMs - Ry - wiglg - V 15 1
STgr ~ 0 S'saT TRSTs T Y (15) idc=§m(lspcosd-lsqsind] (18)
COIE =i E 16
at - ldc - Ry (16) Substituting (18) in (16), and rearranging (1416)(in

the standard form results in

If it is assumed that the dc power is equal to eor@r
terminal active power, the expression for the degras
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1 w -—C0S0 |_ 1 0
| D TS S I P L —
d _ 1 1[Ug (19)
lg |=] -—w -—— —sind |lg [+|0 —
dt £ Ts s E 0 I6 10
M eoss - Msing - B
| 2C © | J
1 w -—2co0sd, |_
. Al Ts . s Alg,
—|Alg |= -w -— sing, | Alg,
“ ae Ts s AE
EEcosd'0 —Eﬂsind0 BT (20)
12 C 2C 0
_ E E -
Moo i I, -—2c0sd,
L
: ° A6
m,E E, .
+ ——% cosd, —2sing,
L L | Am
—EE(I 90 €089, + 1 g0 siné’o) %(I 90 €089, — | g siné’o)
where
Ls
Tg = == andTy4 = RyC
Rs
The linearization for small perturbation is reprase For the system to be stable, the component of Routh
by the first order terms of Taylor's expansion givie array in the\’ row must be greater than 0, which results
(19). The linear difference equations are giver(2f). in
Therefore, the characteristic equation is
_Ifl +Ti + ZTT;‘C + KT, + KT, +2/T, 20 (22)
/]3 +[2+1]/]2 +(2+12+K+w2]/] s de s
S Tdc TSTdc TS (21)

. Obviously, for all positive values of system paréne
+( 2 +K+w] -0 the system is stable.

2.3 Voltage Sag Compensation

1 m2 Voltage sag is a reduction of the voltage magnituce
whereK = El_m_g:' its nominal value. A PWM converter can be used to
S

reduce the influence of the sag. If the voltagatpoint
of coupling drops, it can be restored by injectiagctive

In (21), there is nod term in the characteristic power into the ac system. The PCC voltage magniside
equation. Thus, switching angle does not affect the

position of characteristic roots. Reassigning the |ug| = Ug (23)

coefficients of the polynomial in terms af, a; an ap,

(21) can be rewritten as The reactive power injected by the PWM converter is
given in (9). Therefore, if the PCC voltage is tow, the

I3+a)d?+al +ap=0 reactive power should be injected and also thetikeac

current component should be compensated.

The block diagram of PCC voltage control is shown i
Figure 2 with a selection switch that receives @put
from the output of the first Pl controller (PCC tage
control loop) instead olfsq*. The reference PCC voltage

The Routh-Hurwitz criterion can be used to deteamin
stability analysis of this system.

I3 1 a is compared with the actual line voltage and thereis
12| @ ag used as the input of the secoRd controller (reactive
a current control loop). The output of this Pl coligpis
| gy - a—o the desired reactive current component, which dstée
2

the reactive current controller, to restore the RGItage
back to the reference value.
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3. SIMULATION RESULTS

From the control block diagram in Figure 2, thegmsed
method has been verified by computer simulation for
three modes of operation: rectifying mode, invertin
mode and voltage sag compensation mode.

3.1 Rectifying Mode

In this operation, the converter is operated ineorth
regulate the dc link voltage at a fixed value in
conjunction with a reactive power control. The tesu
are shown in Figures 3, 4 and 5. The converter was
initially operated at zero reactive power or urgywer
factor. It can be seen in Figure 3 that the lineent is in
phase with the supply voltage. At time = 2 s, thactive
current component reference was decreased in iep f
0 to —1500 var. Apparently, the supply current cjegh
from in phase with the supply voltage to leading
position. The active power is rather constant, guthe
decoupling control, as shown in Figure 4. In Figby¢he
dc link voltage is oscillated in a narrow range#3f V

controller must regulate the dc voltage by injegtin
active power to the ac supply network.

E (V)

405

404

403

402

401

400 NARAMARNARAAA AlhﬂJ

399

398

397

396 w
1.80 1.90

2.00

210 16 (922

\S=4

Fig. 5. DC Link Voltage

In Figure 6, the dc voltage was increased from the

but the average voltage is the same as beforedav40 reference value of 400 V to 402 V at time = 2 se e
voltage controller regulated this voltage back he t

Time (s)2
1.90 195 2.00 2.05 .10

400 : m :
300 1

200 -
pNIRiminiE?
-100

_zm I
-300

R V), i (A10)

Fig. 3. Supply Voltage and Current
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Fig. 4. Active and Reactive Power

3.2 Inverting Mode

When the power flow from the renewable energy syste
to the dc bus increases, the dc capacitor voltageases

setting value at 2.3 s.

Y

402
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402 1
4017
401 1
400 MR ““I ATt ann

.1””|” r|1|||w‘||\l"lllf”||H
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Fig. 6. DC Link Voltage in Inverting Mode
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Fig. 7. Supply Voltage and Current in Inverting Made

In Figure 7, the phase angle difference between the

to a value higher than the reference value. Theottage ~ !In€ current and the supply voltage is nearly*18thich
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indicates negative power flow. Figure 8 confirmattthe
active power is negative and energy flows from the
converter to the supply while reactive power idl sti
constant.

3.3 Voltage Sag Compensation Mode

In this mode, the reactive current component coitap
in Figure 2 is connected to the PCC voltage coletroln
Figure 9, when the system voltage was decreased fro
p.u. to 0.9 p.u. at time = 2 s. The PCC voltagg;cVof
the system with PCC voltage controlled converter lca
restored to a pre-disturbance voltage level oful p.

9

Time
1.90 2.00 210 220 2.30 240

150 I I I I I

100
2 )
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-50 1
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-100
-150
-200
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-300
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Fig. 8. Active and Reactive Power in Inverting Moé
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090 ///ﬂ
088 .
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Fig. 9. PCC Voltage in Voltage Sag Compensation Me

4. CONCLUSION

The control method for single phase PWM converter

based on active and reactive current components has

been proposed. The active current component isase
with the supply voltage, while the reactive current
component is in quadrature with the voltage.

The control loops for active and reactive currdrase

been derived and feed forward technique has been

employed to decouple two current control loops.

The performances of the system were simulated and

illustrated for three modes of operation. In thetifging
mode, the control objectives are to control thelidk

12

voltage at the set value and the reactive current
component is regulated according to the reactiweepo
command. In the inverting mode, the active power is
controlled to feed power to the ac system whendihe
voltage increases to a level higher than the ratere
value. While in the voltage sag compensation mtuke,
PCC voltage can be restored back to the refereaice v

if the voltage drop occurs.

All three modes of the proposed method have been
verified by simulations. The results reveal thagirgle
phase PWM converter can effectively control with
system operation based on active and reactive rdurre
components. With this scheme, both the active power
and reactive power can be directly and indepengentl
controlled.

NOMENCLATURE
C DC link capacitor
E DC link voltage

is ire DC current and renewable energy current

is, Is  Supply instantaneous current and amplitude

m proportional factor
Pyc DC power
Rac DC equivalent resistance

Rs,Ls Supply resistance and reactance
Us, Us Supply instantaneous voltage and amplitude
Vg lsgACtive and reactive voltage and current

components
Vs, Vs Fundamental component of converter
terminal instantaneous voltage and amplitude
6 Supply current phase angle
o Converter terminal voltage phase angle
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APPENDIX

In (12), the plant transfer function of dc link taxe
can be represented as

E_1, 1
lep 2 °lge+ SCE

The control block diagram for dc bus voltage caltgro
is shown in Figure Al.

E Pdc‘ 2 ISILUis 1 E _
=O—= Pl Us 2 Tre + SCE

Fig. A1l. Block Diagram of dc Voltage Loop Controller

In (10), the active voltage componeNtd) equation is
the functions of Igy, and dlg, /dt. The terms
-Us - WLglg, in (10) can be treated as disturbances.

Equation 10 can be rewritten as
. dl
— Sp
-Vg, = Rglg, + L
Sp slsp S ot

Therefore, the control block diagram of currentdoo
controller can be shown in Figure A2.

Spa Pl 'VSPﬂ 1 Sq
+3— "| Rs + sLg o

Fig. A2. Block Diagram of Active Current Loop Controller

The reactive current loop controller can be designe
the same manner as the active current loop coatroll
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e e, Comparison of Fuzzy Logic Based and Conventional Raer
W oy . e
$ 5 % System Stabilizer for Damping of Power System Osdaltions
}"’r% K. Prasertwong, and N. Mithulananthan
a,9

Abstract— This paper presents some interesting simulationlte®f a single machine infinite-bus system, \iuttzy
logic based power system stabilizer (FLPSS). A eoisgn is also made between the FLPSS and conveahtmmwer
system stabilizer (CPSS). In CPSS, one input sigwealrotor speed deviation is used. However, i8S, two input
signals were used. The control input signals usefLiPSS are real power deviation and derivativpoiver deviation.
It was found that FLPSS performs better than CR&8vever different operating points need to congddn both the
cases to make a firm conclusion. Apart from itditgttio give satisfactory operation at differenteypting conditions, it
is possible to feed multi signal as control inpintsFLPSS. FLPSS design can be improved furthercdmsidering
fuzzification and defuzzification methods and clagngther parameters.

Keywords— Fuzzy logic controller, Power System OscillationdPower System stability, Power System Stabilizer.

eigenvalues associated with the power system mofles
1. INTRODUCTION oscillation by adjusting the stabilizer pole androze
locations in the s-plane. This approach gives aiuit
. ; ; . insight to performance by working directly with the
persisted fc_)r .'°f?9 periods of time and in SOME £ase closed-loop characteristics of the system, as cgpds
presented limitations on power transfer capabifgwer . open-oop nature of the phase compensation

system stqbili;ers were developed to aid in dampingtechnique, but is more complicated to apply, paldidy
these oscillations via modulation of the generator;, iha field.

excitation [1].

The basic function of a power system stabilizetois
extend stability limits by modulating generator igiion
to provide damping to the oscillations of synchnasio
machine rotors relative to one another. Theselasoihs
of concern typically occur in the frequency rande o

ahpproxma_lltlely 0.210 2':.3 I-.|z,handb|_r|1.3uff|C|ent dampof  ejated by the dual concepts of fuzzy implication ghe
these oscillations may limit the ability to transipower. ., yhqsitional rule of inference. In essence, thie,

To provide damping, the stabilizer must prc_)dl_Jee aFLC provides an algorithm which can convert the

component of electrleal_ torque on the rotor whishni linguistic control strategy based on expert knogkd

phase. with speed variations [2], [3]'. [4]_’ [5], 16] into an automatic control strategy. Experience shthat
Tuning of supplementary excitation controls for 4o F ¢ yields results superior to those by corioeat

stab_ilizing system modes Of_ oscillation ‘has beea th ;g algorithms. In particular, the methodolagfythe
subject of much research during the past 20 toe#sy | ¢ appears very useful when the processes are too

Two basic tuning techniques have been successfully,,mpiey for analysis by conventional quantitative
utilized with power system stabilizer applicatiopiiase  gchniques or when the available sources of inféirma
compensation and root locus. Phase compensation e interpreted qualitatively, inexactly, or uneénty.
consists of adjusting the stabilizer to cem_penﬁzatehe Thus fuzzy logic control may be viewed as a steyato
phase lags through the generator, e_x_0|tat|on sysamm_ a rapprochement between conventional precise
power system suc.h that _the stablhz.er path providesyihematical control and human-like decision making
torque changes which are in phase with speed clsan_ge The fuzzy logic based PSS was proposed in [8] used
This is the most straightforward approach, easHthO real-time measurements\c. (generator speed

understood and implemented in the field, and thestmo deviati dAG lerati the input sianal. |
widely used. Synthesis by root locus involves gidfthe via lon) andAa(acceleration) as € Input signa’. in
this paper, however, FLPSS uses active power dewmiat
and its derivative as the input signals.
The power system stabilizer is a supplementaryrobnt
K. Prasertwong (corresponding author) is with Emergy Field of system, which is often applied as part of the exicih

Study, Asian Institute of Technology, P.O. Box 4logy Luang, ; : :
Pathumthani 12120, Thailand and also is with Sheakwirot  CONirol system [4]. The basic function of the PSSa

Oscillations of small magnitude and low frequenégio

Fuzzy logic is much closer in spirit to human thimk
and natural language than the traditional logigateams.
Basically, it provides an effective means of caipigithe
approximate, inexact nature of the real world [7].
Viewed in this perspective, the essential parheffuzzy
logic controller (FLC) is a set of linguistic coatrrules

University, Ongkharak, Nakhonnayok, 26120, Thailnad-mail: apply a signal to the excitation system; C_reatilﬂgt_dcal
komkrit@swu.ac.th torque’s that damp out power oscillations. Since th

N. Mithulananthan is with the Energy field of studysian Institute primary function of the PSS is to add damping te th
of Technology, P.O. Box 4, Klong Luang, Pathumthd®@120, — ,q\yer oscillation, basic control theory would iratie

Thailand. Phone: +66-2-5245405; Fax: +66-2-524543%-mail : . . : .
mithulan@ait.ac.th that any signal in which the power oscillations are
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observable is a good candidate for input signal. The power system model is linearized at a particula
When consider the nature of the two input signals,equilibrium point to obtain the linearized systerodual

speed and electrical power [4]. In general theybave given in the state-space form

some steady-state value, and may change slowly over

long periods of time. For this reason, as is noyddne AX = AAX + BAu, Ay = CAx (1)

in most PSS designs, a high pass filter is appbeoth

inputs. This filter is also called a washout fijtemce it

“washes out” or eliminates the low frequency signal

The form of the washout filter is as follows:

where A denotes the perturbation of the states, input,
and outputs from their equilibrium values, with

sT, X= [5 w Ey ¢4 By Yy VR]T 2
(L+sT,)
y=Mem @ RJ (3)
whereT,, is the washout time constant, normally set in . _ . .
the range of 2 to 15 seconds. This gives a break The matrices for (1) derived from typical machine
frequency of IT,, rad/sec. If T, is 10 seconds, then the parameters are given in Appendix A. The dominaiepo
filter breakpoint occurs 0.0159 Hz, well below e  Of (1) are the real poles = -0.105 associated with the
mode frequencies. field voltage response, and the electromechanseehg)
In reference [11], the author was discuss themodes=-0.479%j9.33 with a small damping ratié =

experience in assigning PSS projects in an undéwgt®@ o513 representing the oscillation of machineirega
control design course to provides students with aiha infinite bus.

challenging design problem using root-locus, fremye

domain, and state-space me_thods. In th|s_ Papeoped e machine speed passed through a washout fitetr a
an advanced techniques using fuzzy logic contrdler  ceyeral panks of torsional filters. The washout
damp power system osglllano_n. Thus parameter Of(derivative) filter 1&/(10s + 1) is a high-pass filter
conventional PSS is obtained in [11]. The MATLAB having a dc gain of 0, such that in steady stie RSS
package, with the Fyzzy Logic Toolbox and Simulink, path is not active. The aggregate phase lag effetie
was used for the design [13]. torsional filters is represented by:

The input signal to a speed-input PSS is derivethfr

2. POWER SYSTEM MODEL 1
Gior () =

(4)

A single-machine infinite-bus system in (Fig. 1) swa
used as the design model [11], usually used agirdte
step in designing an excitation system control dor  The speed input stabilizer consists of a washagest

power plant delivering an electric power [12]. The a double lead/lag stage, and a filter to attentegé
machine model includes sub-transient effects, ded t frequency components [1].

field voltage actuator is a solid state rectifiithe ] ]
machine delivers the electrical powes to the infinite ~ Convention control design

bus. The voltage regulator controls the inptb a solid-  starting from (1), we were required to first use th
state rectifier excitation, which provides thedigfoltage  terminal bus voltage signalem to design a high-gain

to maintain the generator terminal volta¥em at a  yoltage regulator (VR). Because the VR destabilitresl
referenced Value/ref. The states for the machine are its Swing mode, a PSS using the machine Speed deviation
rotor angled, its speedw, and its direct- and quadrature- sjgnal was used to add damping to the swing moHe. T
axis fluxes Ey,¢q,Eq, andy, . The exciter is modeled feedback control system block diagram implemented i
Simulink is shown in Fig.2.

1+ 0.061s+ 0.001 72

with the voltage statevg. All of the variables are
normalized on a per-unit (p.u.) basis, exceptdarhich

is in radians.
W
Synchronous Temminal
machine ferm Waltage
V. P, I5:+14 W = B
u Exciter _R>®7JT/W\_E i Hie] ¥ = Cxtlm
ransmission
. e AVER Spee-:l
w line Ponarer Syrcterny ..
Infinite S PLCortrollr ppodel deviation
bus E
Tomls) 1 10z Povrer
Voltage - ] il 10s+1 - denriation
regulator ( ) dens) dens) £
+ Cpss Torsioral W*Sl_ wcnat
Vre(' filter Filter

Fig.2. Simulink diagram of conventional power syst@
Fig.1. Single-machine infinite-bus system. stabilizer.
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The process was specified in several tasks [11]:

(R1) For a 0.1-p.u. step iV, simulate theViem

response of the open-loop system equation. (1puDt
s. Then with the PSS-loop open, repeat the sinauldtir

equation (1) controlled by a proportional VIR,(s) =K,

with K, = 10, 20,..., 50.

(R2) Make a root-locus plot of the voltage regulation
loop using the proportional controller and find tiain

Ky, when the lightly damped swing mode becomes
unstable.

(R3) Apply a PI controller for the VR

K,

g

Ky (8) =Kp (s) =Kp @+ )

and plot the closed-loOWem response to a 0.1-p. M,
step input. Select the parameters fromkKQ< K, and 0.1
< K, < 10 such that the rise timgis$ less than 0.5s and
the overshoot M is about 10%. These specifications
reflect the requirements of modern high-gain VRs.
Detailed discussions of the rest design can beddnn
[11]. Fig.3 shows responses of terminal voltagstép in
0.1 pu Vi open loop and closed loop fdf,=10,
20,...50.

From [11], transfer function of CPSS is

nunt(s) _ 2214§s” + 588s+8.6434
der(s) s?+698s+121801

Detailed discussions of PSS design technique based

the synchronizing and damping torque concept can be

found in many references such as [1], [4]. In tI&SP
projects these ideas were translated into procedia
could be followed by students with basic contradteyn
design skills.

0.12

Kp=50

©

Q

=)
T

o
Q
>

Kp=30

Terminal voltage (pu)

0.04} Kp=20

Kp=10
0.02}-

Open Loop

Time (s)

Fig.3. Vierm responses to step in 0.1 pV,, open loop and
closed loop forK,=10, 20,...50.

3. FUZZY LOGIC CONTROLLER (FLC)

Fuzzy logic controllers are rule-based controllg8].
The structure of the FLC resembles that &hawledge

based controller except that FLC utilizes the pgles of
fuzzy set theory in its data representation andoifsc.
The basic configuration of the FLC can be simply
represented in four parts, as shown in Fig. 5.

Knowledge base

Crisp Fuzzy Fuzz Cris|
Fuzzifier Inference eng\ne_y> Defuzzififier P
Controller Controller

outputs

inputs
FLC

Fig. 5. Schematic diagram of the FLC building blocks

Fuzzification module the function of which are,
first, to read, measure, and scale the controbbéei
(e.g. speed, acceleration) and, second, to transfor
the measured numerical values to the corresponding
linguistic (fuzzy) variables with appropriate
membership values.

Knowledge basewhich includes the definitions of
the fuzzy membership functions defined for each
control variables and the necessary rules thatifgpec
the control goals using linguistic variables.

Inference mechanismwhich is the kernel of the
FLC. It should be capable of simulating human
decision making and influencing the control actions
based on fuzzy logic.

Defuzzification modulewhich converts the inferred
decision from the linguistic variables back to
numerical values.

Justification of Fuzzy Control Rules

There are two principal approaches to the derivatib
fuzzy control rules [7]. The first is a heuristiethod in
which a collection of fuzzy control rules is formég
analying the behavior of a controlled process. The
control rules are derived in such a way that theaden
from a desired state can be corrected and the aontr
objective can be achieved. The derivation is purely
heuristic in nature and relies on the qualitative
knowledge of process behavior. The second apprizach
basically a deterministc method which can
systematically determine the linguistic structured/ar
parameters of the fuzzy control rules that satidfy
control objectives and constraints.

For example, Fig. 6 shows the system response of a
process to be controlled, where the input variabfethe
FLC are the errorE) and error derivativedE). The
output is the change of the process inpGt).( We
assume that the term sets of input/output variahiae
the same cardinality, 3, with a common term {negati
zero, positive}. The prototype of fuzzy control eslis
tabulated in Table 1 and a justification of fuzantrol
rules is added in Table 2. The corresponding rdle o
regioni can be formulated as rug and has the effect of
shortening the rise time. RuR; for regionii decreases
the overshoot of the system’'s response. More
specifically:
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2 Table 3. Prototype of Fuzzy Control Rules with Term
c Error (E) =Set point - Actual SetS NB, NM, NS, ZE, PS, PM, PB}

15+ Actual Derivative of Error (DE)=dE/dt
T Rule No. E DE CI Reference Point
4

1 PB ZE PB a

2 PM ZE PM e

3 PS ZE PS i

4 ZE NB NB b

eSS 5 ZE NM NM f

6 ZE NS NS ]

7 NB ZE NB c

8 NM ZE NM g

9 NS ZE NS k

Time 10 ZE PB PB d

11 ZE PM PM h

. o 12 ZE PS PS 1
Fig.6. Rule justification by step response. 13 7E 7E 7E set point

R: If (Eis positive andDE is negative)
ThenrCl is positive, Table 4. Rule Justification with Term Sets NB, NM,

Ri: If (Eis negative an®E is negative) NS, ZE, PS, PM, PB}

TherCl is negative.

Rule No. E DE Cl Reference Point

Better control performance can be obtained by using —
finer fuzzy partitioned subspaces, for examplehwite 14 PB NS PM i (rise time)
term set {NB: negative big, NM: negative medium,:NS I3 Ps NB NM '(0V3{§h°°‘)
negative small, ZE: zero, PS: positive small, PM: 16 NB PS NM 1
positive medium, PB: positive big}. The prototypeda 17 NS PB PM 1
the justification of fuzzy control rules are alsiven in 18 PS NS ZE ix
Table 3 and Table 4. 19 NS PS ZE xi
Table 1. Prototype of Fuzzy Control Rules with Term 8ts Design two input signals of FLC

{Negative, Zero, Positive} ) L . .
In this paper, crisp input values used in FLC aetive

power deviation and its derivative. The membership

RuleNo. E  DE Cl  Reference Point function and range of two input signals shown ig.F
| P 7 P ae i and Fig. 8.
2 z N N b £
3 N Z N c,g. k
4 4 P P d.h 1
5 Z Z Z set point
N Zero P
1.0

Table 2. Rule Justification with Term Sets {Negatie,
Zero, Positive}

Rule No. E DE Cl Reference Point -0.08 -0.06 0 0.06 0.08
6 P N P i (rise time), v Power deviation (E)
7 N N N ii (overshoot), vi Fig.7. Three fuzzy sets of power deviation.
8 N P N iii, vii
9 P P P iv, viii
10 P N 7 ix The membership function of stabilizing fuzzy set
11 N J2 7 xi shows in Fig. 9.
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N Zgro p
1.0
-0.8 -0.6 0 0.6 0.8
Derivative of power
deviation (DE)

Fig.8. Three fuzzy sets of derivative of power deian.

1.0 N Zgro P
-0.25-0.02 0 0.2 0.25
Stabilizing signal
(VPSS)

Fig.9. Three fuzzy sets of stabilizing signal (VPSS)

Table 5. Nine Fuzzy Control Rules for generate
stabilizing signal

Derivative of power
derivative (DE)

N 7 P
@ | N N N N
g
8
2 Z N | 7 p
[}
o
53
z P P P P
(=¥

The entries of matrix in Table 5 refer to the staing

signal as conditions of active power deviation atsd
derivative.  Using Fuzzy Logic Toolbox [13] and
Simulink drawing diagram show in Fig. 10. The
parameters of FLPSS structure is choose fumayndani
type, AndMethod using ‘min’, OrMethod using ‘max’,
ImpMethod using ‘min’, AggMethod using ‘max’, and

DefuzzMethod using ‘centroid’.

4. SIMULATION RESULTS

Figure 11 shows a schematic diagram of the teseisys
with CPSS and FLPSS. In order to trigger weak nmde
oscillation, the system was perturbed with 0.1 §tep

change in reference voltage.

: <Y
Wierm
36s+14 ot W= feetBu
-
= w = CutDu : y
:{Ef Valtage Regulator  State-Space e
Ep kMU= P controller E
10s P o
r -t
m =
fashout
dusdt
FLESS Mux Filter
Crerivative

Fig.10. State space model of power system with FLPSS

Vit + Voltage Vi oL \'I P
1 € Exciter [ 2 (") Y
regulator Aw | Transmission I;
Synchronous v line
term

machine
CPSS A
AR,
FLPSS .
AP,

Fig.11. Single-machine infinite-bus system with C&S and
FLPSS.

Figure 12 shows power deviations of generator for a
three cases, namely with PSS, with conventional PSS
(CPSS) and Fuzzy Logic based PSS (FLPSS). As can be
clearly seen from the response, the system witR&8$
is leading to oscillation with frequency aroundHz5and
it takes more than 10 seconds for damping oscitiati
With CPSS the oscillation triggered by step chaigye
reference voltage is damped within 4 seconds. Hewev
when FLPSS is introduced in the system, thoughithe
taken for damping oscillation is the same the CP&®,
the amplitude of oscillation is lower. It should beted
that here FLPSS performance can be improved fubther
applying different membership function and also by
considering better control input signals as FLP&8 c
accommodate many control input signals.

0.1

cpss
0.08 — — — FLPSS
No PSS

LMY
3 HH

-0.08 B

Power deviation (pu)

0.1 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Fig.12. Active power deviation responses to step .1 pu
Vref-

Similar pattern of responses can be observed or rot
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speed deviation and excitation voltage as showfigs.

13 and 14, respectively.

cpss
- -~ FLpss ||
No PSS

Rotor speed (pu)

Time (s)

Fig. 13. Rotor speed deviation responses
Vref-

to step @l pu

Excitation voltage (pu)

T
CPSS
— -~ FLPSS H
No PSS

05 I I I I I I I
0

Time (s)

8 9 10

Fig.14. Excitation voltage responses to step in Opli Vs
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0.04{

0.02

‘
CcPSS
- - - FLpss|]

-0.02

Power deviation (pu)
o

-0.04

-0.06 -

0.08 I I I I I I I
0

1 2 3 4 5 6 7
Time (s)

8 9 10

Fig.15. Active power deviation responses to step .1 pu

Vref .

Figures 15 to 17 compare performances of CPSS an
FLPSS. The time taken for damping and amplitude of

80

oscillation are clear. As can be seen from figahestime
taken for damping oscillation is slightly bettertire case
of FLPSS and the amplitude of oscillation is ab50f6
less than the case with CPSS. It should be notedlthat
power deviation and its derivative are used asrobnt
input signals.

cPss
- - - FLPSS

Rotor speed (pu)

25 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Fig.16. Rotor speed deviation responses to step thl pu
Vref-

cPss
- - - FLPSS

Excitation voltage (pu)

Time (s)

Fig.17. Excitation voltage responses to step in Opll Vs

5. CONCLUSION

The paper presents fuzzy logic-based PSS design for
oscillation damping. It systematically explains steps
involved in fuzzy logic control design for oscilia
damping in power system.

A comparison between the FLPSS and the CPSS
shows that the FLPSS provides better performanae th
CPSS. The results show that the proposed FLPSS
provides good damping and improves the dynamics.

Unlike the classical design approach which requires
deep understanding of the system, exact matherhatica
models, and precise numerical values, a basicrieatu
(tlhe fuzzy logic controller is that a process can be
controlled without the knowledge of its underlying
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dynamics. The control strategy learned through APPENDIX

experience can be expressed by set of rules tisatide  AppENDIX A: STATE-SPACE MODEL.
the behavior of the controller using linguistic nhe.

Proper control action can be inferred from thierbhse Parameters of matrix A, B, C and D are used intéise
that emulates the role of the human operator or &\ stem as followin
benchmark control action. Thus, fuzzy logic conénd y 9
are suitable for nonlinear, dynamic processes foickw

. : As[ O 377.0 0 0 O 0 0;

an exact mathematical model may not be available. 20.246 -0.156 -0.137 -0.123 -0.0124.0546 O :
Using the principles of fuzzy logic control, a PB&s 0.109 0.262 -2.17 2.30 -GD1-0.0753 1.27:
been designed to enhance the operation and syadfilé 458 0 300 -343 0 0 0;

power system. Results of simulation studies look -0.161 0 0 0 -844 6.33 0;

promising. -1.70 0 0 0 152 -215 0;
-33.9 -231 6.86 -59.5 .5 6.63 -114]
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