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Abstract— This paper studies the impacts of large solar poustallations on frequency responses of Thailand’s
power system according to the power developmemt (#®P 2010 version 3) by considering three lewdlslectrical
demand; light load, partial peaked load and peaksatl; during available solar power generation. lddition, the
selected actual solar power generation patternenftarge solar power plant are collected to analylze average solar
power output and maximum deviation. The frequeresponses are simulated by using the proposed iraal-t
automatic individual power plant parameters tunii®JPT) frequency response model to indicate trecetif installed
solar power plants from PDP with various casesamt of the maximum frequency deviations for thé fiféeen years.
Furthermore the system frequency deviations of easks are the results of combination of diffepawer plant types
and parameter settings, which are compared to eshkr and the frequency standard control. Finatlyg outcomes
can be utilized to make prevention plans in ordemtaintain power system reliability and security $ustainable
power development plan with solar power plants.

Keywords— Load frequency control, power system of Thailandrenewable power, solar power plant.

The generalized load frequency response control
1. INTRODUCTION (LFC) models are proposed by Kunpur P. [4] and Sgaad

) H. [5] then the modified LFC model for specific pemw
Thailand Power Development Plan 2010 - 2030 (PDPpIant types is studied in [6] and renewable energy

2010 version 3) is targeted on increasing shareotafr integration are studied in [6, 7]. Moreover, system
power by 3,040 MW at th_e end of 2030, in order {0 j,q g frequency response estimations are sugddst
successfully develop sustainable energy produdien [8]. Many recent related researches in frequensgard

2]. However, the new challenges for power systemgge nroposed and studied through test system [or 9]
operators are to control and manage system refiglil g, 4ving influence of solar and wind power inteigrat
both short-term and long-term, the system operdtave ., frequency dynamic for individual area through
to consider the influence of uncertain solar power, o s cases with loss of large plant [10]. All of
generation .Wh'.Ch may $|gn|f|gantly affect to power researchers proposed improved LFC model as well as
system reliability especially in term of frequency conuql scheme for system reliability improvement.
deviation. Generally, dec;r_easmg s_olar power geins However, studies of real-world power systems are
due to weather condmo_ns, will drop the system complicated because the system contains various
frequency because of the imbalance between geoerati jitarent types of power plants.

and llcl’ag' fNormaIIy, Thailand's Eowerr] System IS The main purpose of this study is to investigatpauot
controlle requerllcy at 50 th b>ll' the automatic large solar power integration on Thailand’'s powe
?eneratlon fC(r)lntro (AGé:)' Tde a 'r']ty to .:;ﬁ';;am system through considering frequency deviation.sThi
requency of the system depends on charactertsii paper is a second part to illustrate simulatiomiltesf a
power system at considering time which concerned th ppp 5010 case study and another related part to
combination of online-generator types and its p&@m  yioquce the RIPT frequency response model
settings. Ther(.afore,.the frequency response S'm“.'*“; formulation. In this study, various cases of in&gms
necessary to investigate effective solar power atin of conventional power plants and solar power plants
that thg results can support system operator toemak o the PDP 2010 version 3 will be simulated thylou
prevention plan in order to maintain power system . pipT frequency response model.

reliability. This paper consists of six sections. Section 1
introduces the research of frequency control. 8ach
shows the collected data of the selected actualr sol
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of this study and recommend power system reliabilit
and security for sustainablpower development ple
with solar power plantwill be presented iisection 6.

2. IMPACTS OF SOLAR POWER PLANTS

Solar power plantsonvert the solar irradiance of tsun
into electric power. Thus, anyariation: in the solar
irradiance lead to fluctuations the generated outp
power. The time period of fluctuations can rangarf
few seconddo few hours depending on the wind spe
the type and size of passing clouds, and the dréae
solar power plant. Thereforethe time period fo
collecting the slar power output should be accurate
frequency response simulation. Figure 1 ss the
fluctuation of solarpower output every minute durit
daytimes. The different lines represent sdrradiance
for different weather and the sky conditions suct
sunny, partly sun and cloud and fully clc. Depending
on the aggregation level and geographic diversityar
plants output can decrease/increase within a ranf(
20%-80% of its capacity at 1 minterval [3].
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Fig.1. Variation of solar power output

Table 1. The average solar power output and the maximur

deviation
LL PPL PL
Solar power output (8:00) | (11:00 | (12:00)
(% cap.)| (% cap. | (% cap.)
Average 22.92 62.09| 48.15
Maximum 1671 | 4528 | 35.12
deviation

There are several factors that domiridke severity o
solar power impacts on the power systawmeof these
factors aretype of clouds, location of thsolar power
plant, installed capacity of thesolar power play,
characteristic of the solar power platc characteristic
of the power sysim. The purpose of this study is
investigate solar power impacts for the preven
planning and the worst case assumption of solarep
generations. The maximum deviations of solar ougt
each considering time, light load at 8.00 (LL), tzdt
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pealed load at 11.00 (PPL) and peaked load at 1
(PL) as shown in Table 1, are used to calculatestbp
changes of solar powers, based on installed capat
solar power from the PDP 2010 versio

3. POWER DEVELOPMENT PLAN OF
THAILAND

Thailand’'s Power Deelopment Plan (PDP), is tl
master investment plan for power system develop.
The themes of PDP2010 substantially focused
security and adequacyf power systen environment
concern, energy efficiency a renewable energy
promotion. The PDP targetinon increasing share
renewable energy and alternative energy uses b
percent instead of fossil fuels within the next yars,
new projects of renewable energy development
initiated into PDP2010 versioB. Hence, at the end of
2030, total capacity ofolar power will be up to 3,9¢
MW or 5.6 percent of total generating capacity in
power system comprisingtotal existing capacit
amounting 138MW, total added capacity of renewal
energy of 3,802 MW1] that is equal to 2,755 perce
increasing ashown in Table 2 and Figure According
the PDP 2010 version 3, this study will investigtie
impacts of increasing uncertain solar pov

Table 2. Capacity of renewable energy as PDP 20

Additional
e | G| e | G
2030)
Solar 138 3,802 3,940
Wind 3 1,974 1,977
Hydro 5,323 5,804 11,127
Biomass 747 2,602 3,350
Biogas 106 46 152
MSW 21 352 374
Tides &Waves 2 - 2
Total 6,340 14,580 20,920
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Fig.2. Capacity of solar power from PDP 2010 version
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4. PDP 2012 CASE STUDY
RIPT Frequency Response Model

The real-time automaticindividual power plan
parameters tuning (RIPT) frequency response max
the timedependent model based on amounts, types
capacities of onlingeenerators at a considered tir
According to numerous unknown parameters in
system, all possible tygal ranges of individual powe
plant parameters are used for running in modelirtd
out reasonable model that can represent fregt
response characteristic of the system. RIPT m
simulates the isolated power system which is pal
connection 6 105 power generators with 4 groups
power plant types, 47 generators of hydro powentp|.
17 generators of thermal power plants, 14 genes of
combined cycle power plant and 27 generators ofsl
combined cycle power plant.

Generators Operating Condition

Frequency response of power system at a speaifie
dependson various combination types of power pla
which are operating at that time. The system opes
have to optimize operatingcost with acceptabl
reliability. Thus, the most economl thermal power
plants are base load power plants while combinetk:

and IPPs power plant are supported for intermedibee
level and Hydro power plants are reserving for pek
load etc. In this studyRIPT frequency response model
of Thailand’s powersystem isused to simulate the
frequency of 3 operatinconditions as followini

1) Light loadoperating condition (LL

2) Partial peaked loadperating condition (PPL

3) Peaked loadperating condition(PI

The summarynumber of operating generators of e
case shows in Table 4.
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Fig. 3. Power plant operation base on electricity deman.

Table 3. Solar power deviation of each case study

Maximumstep change of solar and load combination (I
Year Tc(’lt\j\'/\‘;)ap' S‘z',\";l‘:/\‘;)a'[ LL PPL PL
Decreasg Increase Decrease IncreaseDecrease Increase

2014 39,542 860 179 113 347 427 292 310
2015 43,157 1,051 215 143 429 517 358 378
2016 45,530 1,181 239 163 485 578 403 424
2017 47,240 1,311 262 183 542 638 448 470
2018 48,329 1,441 285 205 600 697 493 515
2019 51,386 1,592 314 228 664 768 546 569
2020 50,389 1,743 338 254 733 835 599 622
2021 52,912 1,944 375 286 821 928 668 692
2022 56,135 2,164 415 321 917 1,031 745 770
2023 56,732 2,384 453 358 1,016 1,130 822 847
2024 59,509 2,604 492 393 1,112 1,232 898 925
2025 60,477 2,824 531 430 1,210 1,332 975 1,002
2026 64,007 3,045 571 464 1,306 1,435 1,051 1,080
2027 64,979 3,266 609 501 1,404 1,535 1,128 1,158
2028 67,012 3,487 649 537 1,501 1,637 1,205 1,236
2029 69,358 3,710 688 573 1,599 1,739 1,283 1,314
2030 70,686 3,940 729 611 1,701 1,844 1,363 1,395
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Table 4. Number of on-line generators of each scema

= ==2014 Solar Decreage
Number of on-line generators — 2014 Solar Increas
GrOUp Of === 2020 So:ar :)ecrea e
""" 2020 S
generators LL PPL PL ===2030 s§|: S:LT:; e
(800) (1100) (1400) 2030 Solar Increas
Hydropower - 20 a7 R, 1
>
Thermal 17 17 17 =
>
H T B0\ o i s o e e e o e e e e o e o o o o o o o o S o o o o
Combined 14 14 14 R [\ ) g
cycle | T T T NS ]
IPPs 15 27 27
Total 46 78 105 49 6
Solar Power Variation Based on PDP 2010 Bt s £4 0 25 21 20 25 20
The assumption of solar power change for the sitima  _. Time(s)
based on installed capacity of solar power pIants;]go'I ;1(.)3Forequency response of LL for the years 2012020
according to the PDP 2010 version 3 is presented in ’
Table 3. In case of LL, the average solar poweputuis
22.9 percent of installed capacity and the maximum 505
deviation is 16.71 percent of install capacity. &nly, ' :ggii gg::: If;if:: e
in case of PPL and PL, average solar power outouds 50. —-= 2020 Solar Decreage
maximum deviations are presented in Table.1 50§ [ D 2020 Solar Increas
N Yt iMuesassssstESEEEtasanensnansanas === 2030 Solar Decreage
. 50. 2030 Solar Increas
5. SIMULATION RESULTS 1;50. /\
In normal conditions, the system frequency is aaled § 5
within +0.1 Hz either side of 50 Hz then out of this range 0%49 A\
are emergency control range. This section presiets T “‘-:s-_——‘ """"""""""""""""
maximum frequency deviations of the LL, PPL and PL  4° ‘\'\\_,.»" """"""""""""""""""""" =
operating conditions due to combination of solaw@o 291\ e
and load changes based on the solar power installed 44 \\ 2 -
capacity of each year and the maximum solar power 49 =T
deviations as shown in Table 3. 0 2 4 6 8 10 12 14 1(6) 18 20 22 24 26 28 30
Time(s

Frequency Response of Light Load (LL
N RSP g b Fig. 5. Frequency response of PPL for the years 2812020

The LL conditions occur at 8.00 o’clock that thdaso  and 2030.
power plants can produce the average power outputs
22.92 percent of their installed capacities thengbwer

changes are less than in case of PPL and PL. Gwirsid 50.5

. . : ===2014 Solar Decreage
Figure 4, in case of solar power decrease, thept&ate A —— 5014 Solar Increas
frequency of year 2020 and 2030 are out of normal ' =*= 2020 Solar Decreage

5% / ~ 2020 Solar Increas
===2030 Solar Decreage

control range. On the other hand, in case of gubaver
increase, only the frequency of year 2030 is out of 50.3
normal control range while the frequency of yea2@®
stayed in normal control range because of loadeas®
at this moment. Note that the AGC is needed in odise

2030 Solar Increas

o"Tee,,

Frequency (Hz
a
© g ©
(@] [y
DG
- KX '-.,.
Y

the frequency out of normal control range. 49.9 N~ T ITTTT
. et
Freguency Response of Partial Peaked Load (PPL) 49.8 ‘\ ]
9.1 N__-~
In PPL, steady state frequencies of all years ateob 4o 6 -7

normal control range (as see in Figure 5) becauses t
are large cha_nges of solar power and load in this 4955710 12 14 16 18 20 22 24 26 28 30
moment. In this study, the worst case of solar powe Time(s'

fluctuat|or_1, 73 percgnt of its capacity IS as.sumed Fig. 6. Frequency response of PL for the years 2012020
although in real situation, the occurrence proligbére and 2030.

less than0.1 percent. However, the frequency of year

2014 will be in normal control range in case of the Frequency Response of Peaked Load (PL)

maximum fluctuation of solar power less than 30cpat
of its install capacity.

The PL operating condition represents for stromgaver
system because there are more numbers of online-
generators can be handle power changes. In yeat, 200
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the frequency deviations due to change of solaregpow
and load are less than normal control allowancéenthe
frequencies for year 2020 and 2030 are out of nbrma
control as seen in Figure 6.

Frequency Response of the Worst Casein Year 2030

The frequency responses of worst cases the in2@20
which is the highest installed capacity of sola, EL,

. . . O Y
PPL and PL operating condition are represented in2 ;44

Figure 7, 8 and 9, respectively. In case of on AGE,
steady state frequencies of all condition are dubomal
control range. With AGC control the frequencies are
regaining to nominal frequency (50 Hz) with in 1
and 18 seconds for LL, PPL and PL, respectively.

===Solar Decrease Without AG
== Solar Decrease With AGC

"0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 3C
Time(s)

. Frequency response of LL with and without A&.
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Fig. 8. Frequency response of PPL with and without &C.

Considering on Figure 8 which represents for
frequency response of PPL due to step decreasegrby 1
MW of solar power in the year 2030, the total 3940/
of solar power plans are installed. The steadyestat
frequency without AGC is dropped to 49.64 Hz whigh
out of normal control. To keep the frequency biacthe
control range, the AGC has to control all convemdio
online-generators and produce more power to
compensate the decrease of solar power which esjuir
13 second for this response.

=== Solar Decrease Without AG
—— Solar Decrease With AGC

-
e

49.64
49.6
49.59
49.5

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time(s)
Fig. 9. Frequency response of PL with and without AG.

Frequency Response for Next Two Decades

For the next two decades, the maximum frequency
deviations of Thailand’s power system have probably
incremental trends due to influence of incremeatdar
power capacity as shows in Figure 10. In additibe,
simulation results show that the highest frequency
deviations can be observed at the PPL which predent
larger step change of solar power and load white th
number of online-generators for reserve power & le
than PL condition. In case of LL condition, maximum
frequency deviations are stayed in normal contaole
(+0.1 Hz) during years 2014-2022 after those similar
maximum frequency deviations are out of normal uint
range. In cases of PPL and PL, all of the maximum
frequency deviations of years 2014-2030 are out of
normal control range. Moreover, comparison between
year 2014 and year 2030, the maximum frequency
deviation is increased 0.22 Hz as a results ofessing
solar power capacity by 3,080 MW. However, thisutes

is not considered the diversity of solar power otgpn

the different locations.

The increasing of solar power plants will lead the
frequency response of Thailand’s power system & th
weakest system because the total inertia of thiesyis
reduced by the ratio of total solar power plantghwotal
power plants. However the Thailand’s power system c
maintain system reliability and security for susédile
power development plan with solar power plants by
realizing the ratio of total solar power plants wibtal
power plants but impossible for realistic PDP. The
further study of solar power plant controller esply
modern inverter is needed to handle the fluctuatbn
solar radiation for frequency deviation. Finallyhet
additional regulation for solar power plants innteof
energy storage requirement will be studied to oigém
between incremental cost of energy storage and the
system stability.

6. CONCLUSION

This paper presents frequency responses of Thaland
power system for the next two decades by consigerin
influences of solar power integrations accordinghe
PDP 2010 version 3. The developed RIPT frequency
response model which is time dependent model baised
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characteristics of onlingenerators at specific time,
used to investigate impacts of solar power deon. The
simulations are performed through m-scenarios of
power plant operating condition, the light load Jlthe
partial peaked load (PPL) and the peaked load {®th)
the assumptions of maximumsolar power deviatics.
The results present the figency responses of ea
operating conditions for 16 years of the PDP. Iditah,
the results show thahaximum frequency deviations
Thailand’'s power systermhave probably increment
trends due to influence oincremental solar pow
capacities. The ghest frequency deviation is 0.377
which can be observed in PPL operating conditiothé

year 2030 with the 3,940 MWMstalled capacity of sol:
power plant.

Actually, these impacts of solar power deviatiom
be solvel by application of various ergy storages.
Finally, the further studies in more details abtang
term planning of solar power plant for frequel
response are very important to main reliability of the
power systemin critical period as well as PPL, systt
operators have to pralé reserve power tonsure that
there is enough governing and load response to thes
frequency in the normal control range. However,gl
term protective planning is needed as well as
regulation for solar power plants.
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Fig. 10 Simulation results of maximum frequency deviatios divided by operating conditionthrough 20 years of PDP 2010.
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