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ABSTRACT

COMBINING THE WIND POWER GENERATION SYSTEM

WITH ENERGY STORAGE EQUIPMENTS

Ming-Shun Lu, M.S.

The University of Texas at Arlington, 2008

Supervising Professor:  Wei-Jen Lee
With the advance in wind turbine technologies, the cost of wind energy

becomes competitive with other fuel-based generation resourcegoie price hike
of the fossil fuel and the concern of the global warming, theeldpment of wind
power has rapidly progressed over the last decade. The anowdh gate of the wind
generation installation has exceeded 26% since 1990s. Many cohalreeset goal for
high penetration levels of wind generations. Recently, severgk-kcale wind
generation projects have been implemented all over the world. dconomically
beneficial to integrate very large amounts of wind capacity inep@ystems. Unlike

iv



other traditional generation facilities, using wind turbines pretatinical challenges
in producing continuous and controllable electric power. The distintireeaf the
wind energy is its nature of “intermittent”. Since it is aiffit to predict and control the
output of the wind generation, its potential impacts on the alegtid are different
from the traditional energy sources. At high penetration levekxara fast response
reserve capacity is needed to cover shortfall of generatienva sudden deficit of
wind takes place. However, this requires capital investment iafrdstructure
improvement. To enable a proper management of the uncertaintyuthyspsesents an
approach to make wind power become a more reliable source on botly anerg
capacity by using energy storage devices. Combining the wind m®mmeration system
with energy storage will reduce fluctuation of wind power. Sincesquires capital
investment for the storage system, it is important to estinneasonable storage
capacities for desired applications. In addition, energy storageapp for reducing
the output variation and improving the dynamic stability during the gusd and

severe fault are also studied.
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CHAPTER 1
INTRODUCTION

1.1 Background

After the Kyoto Protocol came in force automatically on Febraéry2005, the
countries all over the world will face the challenges to reduceethission of the
greenhouse gases. Countries around the globe need to set targelseaactioas to
meet the goal in conformity with the Kyoto Protocol. The developmeniraf power
has rapidly growth over the last decade, largely due to the improvthg technology,
the provision of government energy policy, the public concern about glavaling,
and concerned on the limited resource of conventional fuel based generation [1].

As the fossil fuel causes the serious problem of environmental ipolluhe
wind energy is one of the most attractive clean alternatieegg sources. Wind power
is one of the most mature and cost effective resources amdegenif renewable
energy technologies. Wind energy has gained an extensive iraatesiecome one of
the most promising renewable energy alternatives to the converfuehdlased power
resources. Despite various benefits of the wind energy, the atitegiof wind power
into the grid system is difficult to manage. The distinct featfrthe wind energy from

other energy resources is that its produced energy is “intentiittDue to the wind



power is an unstable source, its impact on the electric grid #exedt from the
traditional energy sources.

1.2 Why Wind Power

Wind energy is a source of renewable power which comes frorouaient
flowing across the earth's surface. The wind is influenced blgghtenergy of the sun
and the rotating of the earth. Figure 1.1 shows that wind is caysbé Imovement of
air from areas of high pressure to low pressure. Air has madsyhen it is in motion,
it contains the energy of that motion — this is called “kine&inérgy. Wind turbines
harvest this kinetic energy and convert it into power. The atégtis sent through
transmission and distribution lines to the end uséfimd energy is one of the fastest
growing sources of electricity and one of the fastest growmagkets in the world

today.

Figure 1.1 Wind movement from areas of high pressure to low pressure

Since it is a clean energy source, has lower impact to rihieoament, and
never be used up, renewable energy is a hot issue in today competitket. Because

wind energy development is consumer and environmentally friendly, esgsinorter



construction time, is cost competitive, and are quicker to obtain péripgcomes one
of the most competitive sources among different renewable energy technakpgies [
1.2.1 Advantage

Wind power offers many advantages, which explains why it'sfalseest-
growing energy source in the world. Wind power is affordable, @dedrsustainable. It
also provides jobs and other sources of income. With an average growtl rate of
more than 26 percent over the past decade, wind is the fgstesig sector of the
energy industry all over the world. The advantages of wind energyuanerous and
clear, and the technology itself has taken a leap forward in recent years.

First, wind power is the most mature and cost effective renewaimegy
technologies available today, costing between 3 and 5 cents per tkifmug
depending upon the wind resource and project financing of the parfcojact. Since
wind is free, the price of wind power is stable, unlike elecyriéibm fossil fuel
powered sources which depends on fuels whose prices are costly gngama
considerably. In the power market, the cost of generation is rgrgriant. Now, with
the advance in wind turbine technologies, the cost of wind energynasccompetitive

with traditional power plants.

Second, wind power can not be used up. Wind power is the renewable energy

from the wind, which is inexhaustible and requires no addtional "foelldw across
the earth. Actually, wind is a converted form of solar enefgg. sun causes some part
of the atmosphere to warm differently. So, hot air rises and cawlex down. Wind is

movement of air from areas of high pressure to low pressuwteialdly, if the sun is



gone, the Earth also will be gone. Therefore wind energy alwaysa@abe used up
within the foreseeable future.

Third, wind power is clean fuel source and environment friendly. Today,
everyone concerns about the global warming due to the emissioaesfhgiuse gases.
Wind power is fueled by the wind. Since wind turbines don't producesatmeric
emissions that cause acid rain or the global warming, it isaan duel source. Wind
energy can provide us with cleaner air and a healthier, safer environment.

Fourth, wind turbines can be built on farms or ranches, thus benefiting the
economy in rural areas, where most of the best wind sitefoanel. Farmers and
ranchers can continue to work the land because the wind turbines usefadiion of
the land. Wind power plant owners make rent payments to the farmarabrer for the
use of the land.

1.2.2 Disadvantage

However, wind power still has some disadvantages. For example, nedéous
be a big problem within the wind turbine and wind power is an inteamigpower
supply because wind doesn’t blow 100 percent of the time. Wind power &blenahd
its electric characteristic and power quality of feeding ih® grid are different from
traditional coal, gas and hydro plants. Some disadvantagesi@fgeneration are listed
below:

First, good wind sites are often located in remote area, farditoes where the

electricity is needed. For example, wind sites are often cm@st. Therefore, it may



require substantial infrastructure improvement to deliver the wind ptawéhe load
center.

Second, additional operation reserve requirement will increase ingecaist.
Wind power production induce more uncertainty in operating a powemnsyite to its
variable and partly unpredictable. To enable a proper manageméset widertainty, it
requires more flexibility in the power system. It needs otlast fesponse reserve
capacity to cover the possible rapid fluctuation of the wind geoerrdt means that the
cost of generation will be increased.

Third, although wind power plants have relatively little impact on the
environment compared to other conventional power plants, there are coovernke
noise produced by the rotor blades, aesthetic (visual) impacts, aetirmembirds have
been killed by flying into the blades. Fortunately, most of th@eblems have been
resolved or greatly reduced through technological development prdperly siting
wind plants [3].

Power (KWatt)
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Figure 1.2 Intermittent wind power supply
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Fourth, the major challenge to using wind as a source of powbkatismind
power is "An intermittent power supply” and wind does not always blaven
electricity is needed. The figure 1.1 illustrates the iniemt nature of wind power
output. In other words, wind power is an uncertainty power supply amhisotted by
the nature, not the power plant operator. It produces intermittent pevaerother
generators on the grid can be throttled to match varying proddmionthis renewable
source. Further development of intermittent wind power will regsome combination
of grid energy storage equipments.

1.3 Challenge

Due to its intermittent in nature and partly unpredictable, wind power
production introduces more uncertainty into operating a power grid. riager
challenge to use wind as a source of power is that wind powemotaye available
when electricity is needed. Figure 1.2 shows the mismatch afitice generation and
system demand in the Electric Reliability Council of TefRCOT) system. Figurel.3
shows the correlation between the real time market price ardl geineration output.
As one can see, the excess wind power has driven the wholeséieiglgwice to the
negative territory in the morning while reduction of the wind gdiwrahas caused
price spike in the afternoon. In the most recent incident, wind produtbm West
Texas fell from more than 1,700 MW to 300 MW as the evening loachwalking has
caused ERCOT to initiate the second stage of its “emergemdypgycedures” on

February 27, 2008. [4]
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Thus uncertainty wind power may create the other issues for paysegm
operation. For that reason, this thesis studies the use of “E&&age Equipment” to
reduce the uncertainty and negative impact of the wind generatienintegration of
energy storage system and wind generation will enhance theeljaioility and security.
Energy storage system can shift the generation pattern and sim@oegriation of wind
power over a desired time horizon. It is also be used to mifigessible price hikes or
sags. However, this requires significant capital investraadt possible infrastructure
improvement. It is important to perform cost benefit analysis to determopermsize of
energy storage facilities for the desired operations.

This study discusses the benefits of combining the wind power ajemer
system with energy storage to reduce both fluctuation of wind pamgepperating cost
and make wind power with more reliable capacity. According tonine quality, the
study estimates the reasonable amount of energy storage empémitithe desired
operations. Furthermore, energy storage for reducing the transeiations and
improving the dynamic stability of the studied wind farm during the wind gukttaee
phases fault are also studied. Simulation results show the effédue energy storage
equipments on suppressing angle, voltage, and frequency fluctuations.

1.4 Organisation of This Thesis

This chapter has described an introduction which provides background,
advantages, disadvantages, and challenge of wind power. The rds$ ofiesis is
organized as followsChapter 2 covers the wind turbine technology and gives an

overview of several kinds of energy storage systems tdclagpter 3 explains more



detailed study procedure and study system description. The chdistrsses
integration issues of wind power and describes the proposal windctarfiguration

and the study case da@hapter 4 presents the different study results including storage
capacity estimation, steady-state power flow, short ciotuitent, and transient stability
study results. The chapter discusses and summary storageycaptwgiaition results for
three different desired operation. Then it presents impactheofnterconnection of
wind farm with energy storage system and simulates the drgnstability. A
comparison results with and without energy storage equipmentsosdaesussed.
Finally, Chapter 5 concludes the work in this thesis and emphasizes contributions of

this study.



CHAPTER 2

WIND TURBINE AND ENERGY STORAGE SYSTEM

2.1 Wind Power Generation

2.1.1 Wind Power Conversion System
The amount mechanical power of a wind turbine is formulated as:

P= %pﬂRZVSCP = %pAvSCP 1)

Wherep is the air densityRis the turbine radius; the wind speed an@r is the
turbine power coefficient which represents the power conversioneeffic of a wind
turbine. Therefore, if the air density, swept area, and wind speemastant, the power
of wind turbine will be a function of power coefficient of the turbine.

Cp is a function of the tip speed rat{d. ), as well as the blade pitch and|@)
in a pitch controlled wind turbing3 may be considered as a constant for the optimal
power capture when the machine speed is lower than the rated gpedtie ratio of

linear speed of tip of turbine blades and linear wind speed, and given by:

_Rxa;
V

A

(2)

where w (rad/sec) is the rotor angular speRds the blade length (m), ands
the wind speed (m/s) [5]. A typical@. curve is shown in Figure 2.1 [6]. It can be seen

that there is a maximum power coefficient& Normally, a variable speed wind

10



turbine follows the Gnax to capture the maximum power up to the rated speed by
varying the rotor speed to keep the system at,,.,;, then operates at the rated power
with power regulation during the periods of high wind by the activercbot the blade
pitch angle or the passive regulation based on aerodynami§rta typical power-

wind speed curve is shown in Figure 2.2 [8].

C

PA

P-Max |- ———————

>\

15

<
b=

opt

Figure 2.1 Typical power coefficient vs. tip-speed curve
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Figure 2.2 Power-wind speed curve
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2.1.2 Wind Generator Modeling

There are many different generator technologies for wind-poweicapphs in
use today. The main distinction can be made between fixed-speadrane-speed
wind-generator concepts.

2.1.2.1 Fixed Speed Wind Generator: Induction Generator

A fixed-speed wind-generator is usually equipped with a squisage nduction
generator whose speed variations are only very limitedfiggere 2.3). Power can only
be controlled through pitch-angle variations. Because the efficieheyind-turbines

(expressed by the power coeffici€bi) depends on the tip-speed ratipthe power of

a fixed-speed wind generator varies directly with the wind sp8ette induction
machines have no reactive power control capabilities, fixed orblar@ower factor
correction systems are usually required for compensating#otive power demand of

the generator.

Gear Box % i [ m
1

Figure 2.3 Fixed speed induction generator
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2.1.2.2 Variable Speed Wind Generator: Doubly-Fed Induction and Converter-
Driven Generator (DFIG)

In contrast to fixed-speed, variable speed concepts allow operhgngihd

turbine at the optimum tip-speed ratio and hence at the optimum power coefficient

Cp for a wide wind-speed range. Varying the generator speedresqfiequency
converters that increase investment costs.

The two most-widely used variable-speed wind-generator conceptthare
doubly-fed induction generator (figure 2.4) and the converter driven synchronous
generator (figure 2.5 and figure 2.6). Active power of a variapked generator is
controlled electronically by fast power electronics convertensciwreduces the impact
of wind-fluctuations to the grid. Additionally, frequency convertersf{sammutated
PWM-converters) allow for reactive power control and no additioredtinee power

compensation device is required.

Frequency
Converter

/ N /

i ~

DFIG\ Il

Gear Box

Figure 2.4 Doubly-fed induction generator
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Frequency
Converter

A€

Gear Box

N

Figure 2.5 Converter-driven synchronous generator

Frequency
Converter

/ v
V]

\

Figure 2.6 Converter-driven synchronous generator (Direct drive)

Figure 2.5 and figure 2.6 show two typical concepts using a frequemegrter
in series to the generator. Generally, the generator canibduantion or a synchronous
generator. In most modern designs, a synchronous generator ananpet magnet
(PM) generator is used.

In contrast to the DFIG, the total power flows through the converteraptscity
must be larger and cost more compare to the DFIG with the s#ting. Figure 2.6
shows a direct drive wind-turbine that works without any gear bdws Toncept

requires a slowly rotating synchronous generator with a lot of pole-pairs [9].
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2.2 Energy Storage

Energy storage is the storing of some form of energy thabealtawn upon at
a later time to perform some useful operations. “Energy stsirage defined in this
study as the devices that store energy, deliver energy outssdgrie), and accept
energy from outside (charge). Energy storage lets energy mmsdsend excess
electricity over the electricity transmission grid to temppralectricity storage sites
that become energy producers when electricity demand is igr€aie energy storage
is particularly important in matching supply and demand over a 24p®oiad of time.
Energy storage system can shift the generation pattern and stmeetriation of wind
power over a desired time horizon. These energy storages, so faly malude
chemical batteries, pumped water, compressed air, flywheel, theuparconducting
magnetic energy, and hydrogen.
2.2.1 Batteries

Battery storage has been used in the very early days et-dirgent electric
power networks. With the advance in power electronic technologai®ry systems
connected to large solid-state converters have been usethitzestpower distribution
networks for modern power systems. For example, a system witdpacity of 20
megawatts for 15 minutes is used to stabilize the frequenelediric power produced
on the island of Puerto Rico.

Batteries are generally expensive, have maintenance problems vandrited
life spans. One possible technology for large-scale storagegis-$cale flow batteries.

For example, sodium-sulfur batteries could be implemented affordabdylarge scale
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and have been used for grid storage in Japan and in the United Bsatadium redox
batteries and other types of flow batteries are also begitoibg adopted for energy
storage including the leveling of generation from wind turbinesteBy storage has
relatively high efficiency, as high as 90% or better.

2.2.2 Pumped Water

In many places, pumped storage hydroelectricity is used to @viethe daily
demand curve, by pumping water to a high storage reservoir duripgaifhours and
weekends, using the excess base-load capacity from coal orrnsoilgaes. During
peak hours, this water can be used for hydroelectric generation,asfterhigh value
rapid-response reserve to cover transient peaks in demand. Pumped isooages
about 75% of the energy consumed, and is currently the most cadtvefflorm of
mass power storage. The main constraint of pumped storage is ukaglity requires
two nearby reservoirs at considerably different heights, and oftguires considerable
capital expenditure.

Recently, a new concept has been proposed to use wind energy to penp wat
in pumped-storage. Wind turbines that direct drive water pumps f@nargy storing
wind dam' can make this a more efficient process, but are lagéed in total capacity
and available location.

2.2.3 Compressed Air

Another grid energy storage method is to use off-peak or renewahbrated

electricity to compress the air, which is usually stored inldmine or some other kind

of geological feature. When electricity demand is high, mpressed air is heated
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with a small amount of natural gas and then goes through expamdgen¢rate
electricity.
2.2.4 Flywhesel

Mechanical inertia is the basis of this storage method. A hedstinmg disc is
accelerated by an electric motor, which acts as a genenatmversal, slowing down
the disc and producing electricity. Electricity is storedhaskinetic energy of the disc.
Friction must be kept to a minimum to prolong the storage timerdiges of power
and energy storage technically and economically achievable,veowend to make
flywheels unsuitable for general power system application; treegrabably best suited
to load-leveling applications on railway power systems and for improving popvedity
in renewable energy systems. Flywheel storage is alsondyrresed to provide
Uninterruptible Power Supply (UPS) systems such as those in |aapedeers for ride-
through power necessary during transfer - that is, the velatbrief amount of time
between a loss of power to the mains and the warm-up of an altsouate, such as a
diesel generator.
2.2.5 Thermal

Design proposals have been made for the use of molten salheet store to
store heat collected by a solar tower so that it can be ugghévate electricity in bad
weather or at night. Thermal efficiencies of 99% for periods ower year have been
predicted.

Off-peak electricity can be used to make ice from water, thadice can be

stored until the next day to cool either the air in a large builthnghift the peak
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demand, or the intake air of a gas turbine generator to increasa-ffeak generation
capacity.
2.2.6 Superconducting Magnetic Energy

Superconducting magnetic energy storage (SMES) systemsestengy in the
magnetic field created by the flow of direct current impesconducting coil which has
been cryogenically cooled to a temperature below its superconductitigal
temperature. A typical SMES system includes three parts: cuphrcting coil, power
conditioning system, and cryogenically cooled refrigerator. Onceuperconducting
coil is charged, the current will not decay and the magrezigrgy can be stored
indefinitely. The stored energy can be released back to the nkebwalischarging the
coil. The power conditioning system uses an inverter to transitternating current
(AC) power to direct current or convert DC back to AC power. Tiverier accounts
for about 2-3% energy loss in each direction. SMES losesdkedenount of electricity
in the energy storage process compared to other methods of stoengy. SMES
systems are highly efficient; the round-trip efficiencyrsager than 95%. The high cost
of superconductors is the primary limitation for commercial dshie energy storage
method.
2.2.7 Hydrogen

Hydrogen is also being developed as an electrical power stonageum.
Hydrogen is created using electrolysis of water and theredsttor later use with
hydrogen based generating equipment. Hydrogen is not a primenyyesource, but a

portable energy storage method, because it must first be mamathbly other energy
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sources in order to be used. However, as a storage medium, ibanaysignificant
factor in using renewable energies. Hydrogen may be used in ¢mmannternal
combustion engines, or in fuel cells which convert chemical energctigh to

electricity without flames. Making hydrogen requires eithéorreing natural gas with
steam, or, for a possibly renewable and more ecologic source, thelgis of water
into hydrogen and oxygen. The former process has carbon dioxide apradiygt.

With electrolysis, the greenhouse burden depends on the source péwiee The
efficiency for hydrogen storage is typically 50 to 60%, whichoiger than pumped
storage systems or batteries.

With intermittent renewable energies such as solar and wind, thetaonay be
fed directly into an electricity grid. At penetrations below 26fthe grid demand, this
does not severely change the economics and system behavior; but beyortD@botit
the total demand, external storage will become important. If tmsees are used for
electricity to make hydrogen, then they can be utilized fully nekier they are
available, opportunistically. Broadly speaking, it does not mattenitey cut in or

out, the hydrogen is simply stored and used as required [10].
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CHAPTER 3

STUDY PROCEDURE AND STUDY SYSTEM DESCRIPTION

The study procedure is outlined in this chapter. It describesybiem of
proposed wind farm involved in the interconnection study, and identtieswind
generation system with the energy storage technology as@edhfluence the results
of these studies.

These studies includ&orage Capacity Estimation, Seady-State Power Flow,
Short Circuit Current, and Transient Stability Studies.

3.1 Study Procedure

3.1.1 Sorage Capacity Estimation

The wind resource potential of Taiwan, as shown in figure 3.1, dhestrthe
annual average wind speed (meter per second) at 50 meter height [11]. A projpdsed w
farm with the total capacities of 39.6 MW is used in this stlde actual wind data
between Feb. 1, 2006 and May 31, 2007 in the area of interestirseobliaom Taiwan
Power Company (TPC) [12].

Artificial Neural Network (ANN) wind capacity forecastingfsvare developed
in [13] is used to estimate wind power.

According to the ANN forecasting wind power results, A Matlab @ogning

code (Appendix A) is developed to estimate the energy storggeeitaand power
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rating. This study assumes that it is an ideal energy stosggtem with sufficient
energy storage capacity and power rating to support entire farnd The program
calculates the results and draws each graph when the desiregl ®inesge time is one,
two, six hours and one day respectively. And it also computes th@etoraximum
power. This study chooses three different variations of wind power thhemesults to

illustrate the storage capacity requirements.

50m wind speed(86—070 avg}

Figure 3.1 Wind resource potential of Taiwan
After estimating the energy storage system capacity,hase to evaluate
impacts of the interconnection of wind farm with energy storggées). The impacts

are evaluated through three following studies:
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3.1.2 Steady Sate Power Flow Sudy

Steady state power flow study is performed through power flavulations,
normally with the wind plant dispatched at a power level expecté@we maximum
system impact (i.e., at rated output power) and with reactive poageabilities
reflective of those of the proposed project. Power flow simulatoesun for a list of
system contingencies (e.g., transmission line outages, generatgesyutc.) to
determine system impacts under all realistic abnormal opegratmditions. Two
primary planning criteria are examined in a power flow stutlgrmal and voltage
criteria. The thermal analysis is to verify that transmis lines, transformers, and other
equipment are not overloaded as a result of the project. The vahagesis is to verify
that the project does not have negative impact on voltage regulaboy auses in the
transmission network.

This steady state power flow study is largely independent of wirine
technology. Real power injected at the wind plant’s Point of Common @guCC)
with the grid system is a function only of project size (and aaypower losses on the
project side of the PCC). Reactive power capability may be pmbvigethe wind
turbines themselves, in the case of variable speed turbine teghnoloby external
means, such as capacitor banks or SVCs, in the case of constantespe®logy. But
from a steady-state perspective, both are modeled as reactiee ipgected at the PCC
in response to the voltage at some control bus, with appropriate adjtstmade for

reactive power consumption on the project side of the PCC.
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3.1.3 Short Circuit Current Sudy

Short circuit analysis is performed for both symmetrical and mansstrical
faults on the transmission network in the neighborhood of the wind projdetérmine
whether the addition of the wind generation results in equipment shait evithstand
or circuit breaker interrupting capabilities being exceededik&rihe steady-state
power flow study, short circuit study is highly dependent on the windingir
technology being used.
3.1.4 Transient Sability Sudy

Transient stability in its broadest sense may be describeékdeaability of a
power system to return to a stable operating condition followintgj@r disturbance
such as a transmission line short circuit or a large gengramnit trip. Transient
stability study is carried out by computer-based time domainlation of the response
of generator excitation systems, turbine governor systems had auntrolled devices
in the power system to such disturbances. Planning criteriareéethat generator
angular oscillations and voltage disturbances do not exceed spedlifies and are
damped out within certain time periods, and, as in power flow studsge stedies are
run under various contingencies to verify that outages of speefisrhission lines or
generating units are considered. This analysis focuses omdrame from several

line cycles to up to approximately one minute after the initiation of the distwlpahc
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3.2 Study System Description

From the figure 3.1, it shows that the most of good wind resourceearethe
coast of Taiwan. A proposed wind farm (Datan) with the total ¢agmof 39.6 MW is
used in this study. It is assumed that the GE 3.6MW wind turbine ajergerare
installed. This study wind farm is located near the west coastad af North Taiwan.
3.2.1 New Wind Farm Configuration

The proposed wind farm comprises a number of wind turbines thauatered
and connected to a substation through underground cable and use a 22.8/161kV step-up
transformer to the 161kV grid system. In this study case, the 2008 esupsak load
predicting data of the Taipower is used and the zom@ data of study case are shown

in Table 3.1. Figure 3.2 shows the transmission lines configuratiomiofam Power

Company [15].
Table 3.1 Zone Load Data
North Central South East Total
Load (MW) 14964 9076 10062 443 34545
Rate (%) 43.3 26.3 29.1 1.3 100.D0
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3.2.2 Model of the Wind Turbine and Energy Storage

A study system consisting of wind turbine and energy storage ciath® a
power system is modeled using the Power System Simulation gpndening (PSS/E)
software by Power Technologies Incorporation. In the PSS/E, itlteturbine model is
equipped with an IPLAN program that guides the user in preparing ythamic
modules related to this model. The collection of wind turbines, windispésmation,
wind turbine parameters, generator parameters, and the chatastest the control
systems are included [16]. This study uses the wind package ¢t RSSimulate and
combine the wind power generation system with energy storage espgpmtegrated
into a power grid.

The dynamic model is shown in Figure 3.3. A user-written model earséd to
simulate a wind gust by varying input wind speed to the turbine mdtel.GE 3.6
machine has a rated power output of 3.6 MW. The reactive power cgpabikach
individual machine is £0.9 pf, which corresponds to Qmax = 1.74 MVAR anitt ©m
-1.74 MVAR, and an MVA rating of 4.0 MVA. The minimum steadytst@ower
output for the WTG model is 0.5 MW. In this study, the GE wind terbimodels are

used for simulation following the manufacturer’'s recommendations [17].
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Figure 3.3 Dynamic model of GE 3.6 MW wind turbine
For energy storage model, EPRI battery model CBEST of PBSi&ed for
simulation in this study. It simulates the dynamic charatiesiof a battery. This
model simulates power limitations into and out of the battery disaseAC current
limitations at the converter. The model assumes that the battery ra@ngeshough to

cover entire energy demand that occurs during the simulation [18].
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CHAPTER 4
STUDY RESULT

4.1 Storage Capacity Estimation Result

In order to reduce the variation of wind power, combining the wind power
generation system with energy storage study was perforaseddescribed and
summarized in this section. Reasonable storage capacitigefdesired operations are
estimated.

The estimated results are shown in Figure 4.1 to 4.12. These fghoesthe
different storage time, power rating, and storage capaegyirements. Blue line is
wind power without storage device. Green area is the desired output with eneagg s
device. From the results, one can see different storage tomee® different storage
capacity and power rating. One of the most important factdareiguality of the wind.
One can figure out easily that larger variation of wind geroerats well as the longer
storage time requires larger storage capacity and poweg.rdtitough it can reduce
more variation of wind power and make wind power becomes morblestiapacity of
operation, the power and storage capacity reflects the requireofercapital
investment.. This study chooses three different operation scenanvasdipower to

illustrate the storage capacity requirements [19].

28



4.1.1 Typical Variation of Wind Power

Figure 4.1 to 4.4 show that storage capacity requirement to mainéaoutput
of the wind farm as constant from one hour to one day under a typitation of wind
power. The storage capacities are 2.036MWh, 5.508MWh, 16.233MWh and
103.451MWh respectively. The maximum charging or discharging powegsaare
7.39MW, 10.66MW, 13.53MW and 17.58MW respectively for different desired
operation scenarios. Summary of these estimated values rdlatergergy storage in
typical variation of wind power scenario are shown Table 4.1.

Table 4.1 Estimated Values in Typical Variation of Wind Power

Desired Stable Power | Storage Capacity Max. Charging/
Output Time (hour) (MWh) Discharging Power (MW)
1H 2.036 7.39
2H 5.508 10.66
6H 16.233 13.53
24 H 103.451 17.58
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Figure 4.1 Storage Capacity and Time: 2.036 MWh, 1 hour
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Figure 4.2 Storage Capacity and Time: 5.508 MWh, 2 hours
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Figure 4.3 Storage Capacity and Time: 16.233 MWh, 6 hours
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Figure 4.4 Storage Capacity and Time: 103.451 MWh, One Day
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4.1.2 Smaller Variation of Wind Power

As shown in Figure 4.5 to 4.8, they present simulation results foiothbiced
system with storage capacity from one hour to one day whenitidespeed is relative
stable. As one can see, the required storage capacities anchghibsgharging power
ratings are smaller than the previous case. The storageitespace 0.870MWh,
1.690MWh, 3.160MWh and 10.435MWh and the charging/discharging power ratings
are 4.63MW, 4.69MW, 5.74MW and 6.26MW respectively. Summary of these
estimated values relative to energy storage in smaller ieariat wind power scenario
are shown Table 4.2.

Table 4.2 Estimated Values in Smaller Variation of Wind Power

Desired Stable Power | Storage Capacity Max. Charging/
Output Time (hour) (MWh) Discharging Power (MW)
1H 0.870 4.63
2H 1.690 4.69
6H 3.160 5.74
24 H 10.435 6.26

32



Power (MW) 12/09/2006
45
40 §
35
30
25
20
15
10

1 11 21 31 41 51 61 71 81 91 101 111 121 131 p41

I power w/ Storage Time (10 minutes)
—— Power w/o Storag

Figure 4.5 Storage Capacity and Time: 0.870 MWh, 1 hour
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Figure 4.6 Storage Capacity and Time: 1.690 MWh, 2 hours
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Figure 4.7 Storage Capacity and Time: 3.160 MWh, 6 hours

Power (MW) 12/09/2006
45
40 §
35
30
25
20
15
10

1 11 21 31 41 51 61 71 81 91 101 111 121 131 41

I power w/ Storage Time (10 minutes)
—— Power w/o Storag

Figure 4.8 Storage Capacity and Time: 10.435 MWh, One Day
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4.1.3 Larger Variation of Wind Power

Figure 4.9 to 4.12 show that the behavior of the system for one hour toyone da
storage capacity when there is large variation of the winddséwe required storage
capacities are 5.164MWh, 10.524MWh, 22.819MWh and 137.863MWh respectively.
Maximum charging/discharging power rating requirements are 16.20R8/81MW,
27.94MW and 26.69MW respectively. Summary of these estimated valaéseadb
energy storage in smaller variation of wind power scenario are shown Table 4.3.

Table 4.3 Estimated Values in Larger Variation of Wind Power

Desired Stable Power | Storage Capacity Max. Charging/
Output Time (hour) (MWh) Discharging Power (MW)
1H 5.164 16.20
2H 10.524 23.31
6H 22.819 27.94
24 H 137.863 26.69
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Figure 4.9 Storage Capacity and Time: 5.164 MWh, 1 hour
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Figure 4.10 Storage Capacity and Time: 10.524 MWh, 2 hours
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Figure 4.11 Storage Capacity and Time: 22.819 MWh, 6 hours

Power (MW) 5/28/2006
45

= | S

30*(

25 W \{
20 \
15
10
1 11 21 31 41 51 61 71 81 91 101 111 121 131 p41
I Power w/ Storage Time (10 minutes)

—— Power w/o Storag

Figure 4.12 Storage Capacity and Time: 137.863 MWh, One Day
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4.1.4 Summary

Summarize the above estimated results are shown Figure 4.13grépis
shows the storage capacity requirement for different operatioarszeifor a period of
one year. Bottom line shows the storage capacity for one hour depeodmit. Pink
line shows the storage capacity for 2-hour dependable output. Blushaves the
storage capacity for one day dependable output. As one can see, depgadable
output period requires more storage capacity and power rating.

In addition, the storage requirements are seasonal. One can tinstédrgest
requirement of the year to accommodate the all year round operatjnogement or
pick the capacity to cover the target months and switch to diffeparating strategies

on other months.

RMwH) Max. Storage of Day during the Year
250

—— H_DayMax
200

—®%— 2H_DayMax

150 —+— 4H_DayMax

—%— 6H_DayMax

100
—9— 12H_DayMax

—8— 24H_DayMax

Figure 4.13 Max. Storage Capacity of Day every month during a Year
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4.2 Steady State Power Flow Result

The purpose of this power flow study is to observe the potentiaihsystpact
during normal and contingency conditions after the 39.6 MW proposed wimdigar
interconnected with the grid system. The contingency analysis consideimpact of
the new wind power on transmission line loading, transformer faddading, and
transmission bus voltage during outages of transmission line and/dotrags. The
latest version of Taipower 2008 summer peak base case is ustdsfgtudy. This
study assumes that the energy storage systems is to keep 39p@WaA/ output from
wind collected bus 350 to grid. Therefore, the power flow result witihggnetorage
equipments is the same as without them. To keep power systentespsaéely and
reliably, the power flow result need to comply with the Taipoweid G°lanning
Standards [20]. The single line diagram of system near the waimd is shown in
Figure 4.14.

Table 4.4 compares the steady state and single contingency (N-&j) flow
results before and after the installation of the wind farmpéWer flows in the list are
expressed in MVA. For N-1 analysis, the obtained result showed rbivegnpact of
the wind farm on the power system. The analysis indicated thatstallation of the

39.6 MW wind power has very little effect on the grid system.
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Table 4.4 Steady State Power Flow Current and Percentage Level
at Neighboring 161 kV Lines of New Proposed Wind Farm

Power Flow / Line Is
Lineflow] Linefrom bus | Linefrom bus Linefrom bus Flow
1861 1851 3341 over
System conditi Tobus| Tobus| Tobus| Tobus| Tobus|To bus| To bus|load
3341 | 4705 | 4759 | 4751 | 4755 | 4701 | 4817 | 77
Basecase N-O | MVA | 303.4| 143 | 410.2 39.5 1886 1127 316
(w/owind -
farm) % | 30% | 28% | 37%| 8% | 18% = 229 6%
MVA | 331.2| 155.7| 402.6 48.5 18144 1216 245
N-0 N
% | 33% | 31% | 36%| 10%| 18% 24% = 5%
CN-1' Imva | 289.1| 198.3| 403.8 49.4 186)8 802 316
Line from N
Dot POM Y oo | 5806 | 400 | 37%| 10%| 189  16% 6%
CN-1 I'mva | 486.3 395.2| 60.3| 181.8 261.1 31.2
Line from Outlof N
Withoee 0% o6 | 48.5% 5™V 3eo6 | 12| 18% 53% 6%
wind
faam N-1' | mvA | 331.3| 155.7| 399.2 522 1764 120.1 26.8
Line from N
PUSIBOLIO o | 330 | 319 | 72%| 10%| 174 24% 5%
CN-1 I'mvA | 331.1| 156.4| 451.2 2232 | 117.3| 276
Line from Outiof N
PUSIESLI o, | 3396 | 3196 | 4106| %™ 2206 2494 5%
CN-1' I mva | 239.2| 2534 3922 592 174 19.1
Line from Outlof N
pUSIMIA o, | 249 | 5190 | 36%| 120 179 ™' 4%
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4.3 Short Circuit Current Result

Short circuit studies are performed to determine the possibleggebaf fault
duty resulting from the added generation. In this study, the increvhém short circuit
currents will be calculated to ensure that the circuit breaketse neighborhood of the
wind project still have enough ability to isolate the fault. In ptherds, this study is to
check whether maximum short-circuit current of all neighlgpbnses is under circuit
breaker interrupted capacity. If the maximum short-circuitresur exceed the
interrupted capacity of the circuit breakers, it requiresagtfucture improvement to
accommodate the new wind farm installation [1, 2]. This study suppbse energy
storage has inherent current limitation as a result of the peleetronic interface with
the grid. To prevent damage to the converter, it has to be tripped durincadtte f
Therefore, short circuit current result of this study doesn’t densnfluence of energy
storage equipments on power system. Table 4.5 shows fault currerffsrahtibuses
near the wind farm. All fault current in the list are expressed in kilo-aaper

Table 4.5 shows that the largest increment in bus fault currentrsoatu
TATANBH bus 1861 and increases by 0.347 kA. One more significant siocgeaf
fault current locates at KUANINH1 bus 3341. The 0.282 kA increasinguf ¢urrent
affected by the new generator was observed. However, thestibirender the rated
capacity of the existing circuit breakers. Therefore, no splitdougircuit breaker
upgrade is necessary for the new wind farm installation. Thgsasahdicated that an

addition of the 39.6 MW wind farm is acceptable.
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Table 4.5 Short-Circuit Current Level at Neighboring Buses of
New Proposed Wind Farm

ircuit | Short Circuit Current (kA) | Isunder

susname | BU5 | o |oreakt [ oo o o raled 1O
(kV) [IC (kA) farm farm I ncrement breaker?

TATANEE 300 345 63 23.132 23.134 0.002 Y
LUNTANE | 1900| 345 63 33.016 33.030 0.014 Y
LUNTASE 1910 345 63 42.415 42.424 0.00B Y
TATANAH | 1851 161 50 37.728 37.848 0.12( Y
TATANBH | 1861 161 50 41.645 41.993 0.347 Y
TATANCH | 1871 161 50 16.899 16.899 0.000 Y
PAOSHENH | 4759 161 50 37.711 37.833 0.122 Y
PAIYUH 4755 161 50 38.014 38.153 0.140 Y
KUANINH1 | 3341 161 50 45.124 45.406 0.282 Y
CHUNTA 4701 161 50 42.494 42.693 0.198 Y
SUNGWUH | 4705 161 50 39.284 39.464 0.181 Y
FUKANGH | 4751 161 50 33.515 33.578 0.0638 Y
YANMEIH | 4817 161 50 27.590 27.653 0.064 Y
MEIHUH 3371 161 50 34.879 34.917 0.039 Y
HSINKOUH | 4703 161 50 44.407 44.610 0.20p Y
CHUNFUH | 4715 161 50 44,544 44,731 0.18)7 Y
CHUNLIH 3321 161 50 44.709 44.887 0.178 Y

43




4.4 Transient Stability Result

4.4.1 Smulation Results during Wind Gust

When wind gust occurs like wind variation in wind farm, system povesy, f
generator angel, voltage and frequency will fluctuate. In tliase the wind turbine
with energy storage during a short wind gust in study case teakecthe negative
affect of power system fluctuation is simulated [21]. In thiglgtcase, it is assumed
that the wind farm consists of a large number of wind turbine giengria a large area
and the energy storage is connected to wind collector bus. Thgyestrage is
modeled as the EPRI CBEST battery [18] of £39.6MW, and +22.8Mvar. The simulation
results indicate that using the energy storage equipments can madstef power
system fluctuation.

4.4.1.1 Reducing Wind Power Output Fluctuation

Figure 19 shows the response of the wind farm and energy storage devi
during wind gust variation. The green line is wind speed, yellow iEnthe power
output of wind generator, blue line is the response of energy storaige,dend pink
line indicates the total power flow at Point of Common Coupling (P@€)shown in
Figure 4.15, the total active power injection from the wind f§pmk line) remains

constant.
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Figure 4.15 Wind farm and energy storage power output

4.4.1.2 Improving Power System Fluctuation

Figure 4.16 to 4.18 show the generator angle, frequency and voltag@omaria
respectively during wind gust. The green, yellow and blue lifdbese three figures
indicate the system response without energy storage equipmentsth€heolor lines
show the improvement with energy storage devices. One can sesihidining the
wind power generation system with energy storage equipmentgoasd solution to

improve power system fluctuation during the wind gust variation.

45



L A
With Energy g

W/o Energy

Storage Storage

/

-
o
D
o
Bl
D
=
o
W
=
o
~
w
w
~
-
m
D
»
Z
w
=
~
~

0
o
i
K
@
I
5
=
o
D
=]
!
m
D
=
X
=)
@
n
=
=}
Bl
o
o
N
@
@
=
=

3N0-01Y20ou-gasEIgEIg\aIRdwoDy T "

Ci 1. HOOW IT 5N8 1ONB1 ‘€ =1NHD

W/o Energy
Storage

T. 1. AJBN [007 GN8 T9NBJ G #INA3

o — — — — —» 1N0°0[HZO0U-SSBIEI\BUBDWOT\

y/ t
|
|
— o — |
2V /\/\z N
- / a7~ ~ |
\\ N N
— \/ With Energy
o] =
Storage I
| | | | | | | | I
a0 3.0000 6.0000 9.0000 12.00D 15.000
1,5000 4.5000 7.5000 10.500 13.500
THU, JAN 10 2008 18B:02

TIME (SECONDS)

Figure 4.16 Simulation result about Generator Angle Variation

- With Energy — o
A Storage 2 2
| N 4 BE
i é
~ ~ W/o Energy - g

Storage

=INHD

—wo
oo
=
or
o
DI
-4
or
co
wD
FO
ol
~m
D
wx
—X
- o
we
o
—n
nit)
ma
D
wo
=3
-0
W
o
T
~a
N
@
=
=

C731 2z =INA3
1N0°01H200U-gaseagEIoNa Jeduay * * *

C11 97

— N —
With Energy

W/o Energy Storage |

Storage
K
(R -

B

o — — — — 5 3N0’D[YOOU-8SeIgEIn\SIRduO]\ "

===

| 2000°0-
| 80000~

0.0 3.0000 6.0000 9.0000 12.000 15.000
1.5000 4.5000 7.5000 10.500 13.500

TIME (SECONDS)

THU. JAN 10 200B 17:21

Figure 4.17 Simulation result about Frequency Variation

46



I I I I =T el
- W/o Energy - ° ca
/ Storage E 3
L SN T 2 o
N With Energy 8 8 ¢g
B Storage 7 g 5 23
e =5
- . g & g
L \ = p -3
s K
With Ener g z
 W/oEnergy Storage ¥ : E
~ Storage &g m 91
| |
¢ | |
— . l — o
R A e A I
\\j o 4
\ a4 s

) 3.0000 6.0000 9.0000 12.000 15,000
1.5000 4,5000 7.5000 10.500 13.500

TIME (SECONDS) THU, JAN 10 2008 17:1@

Figure 4.18 Simulation result about Voltage Variation

4.4.2 Smulation Results during the Fault

In this section, we simulate combining the wind turbine with and without energy
storage equipments during the fault to describe as the ability of a powendygsteturn
to a stable operating condition following a major disturbance suahrassmission line
short circuit or a large generating unit trip. Planning ceategquire that generator
angular oscillations do not exceed specific values and are dampedttuat certain
time periods.

In this section, we simulate combining the wind turbine with enstgyage
during the fault to decrease the negative affect of power systarsient stability. In

this study case, it is assumed that the wind farm consisaslarige number of wind
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turbine generators in a large area and the energy storagenected to wind collector
bus 350. The transmission line model used in this study is the TRELNsYO08 winter
load model. The energy storage model is identical to that in guististudy modeled as
the EPRI CBEST battery with the power rating of +39.6MW, and +22.8Mvar.

The simulation results show the generator angle of six differeas. In order
to identify the potential stability problem, the angle of mainegation units including
the nuclear and thermal unit is observed. The following generator aresesonitored
and shown in Table 4.6.

Table 4.6 Monitored of Generator Buses

Bus No. Generator Type Area
11 Nuclear North
21 Nuclear North
531 Thermal Central
711 Pumped Water Central
1001 Nuclear South
90350 Wind Proposed wind farm
(North)

4.4.2.1 Cases Condition Description

To accomplish the stability study process, the transientlistabiudies for
various studied-cases are designed to show the dynamic resporike system
following critical disturbances in the neighborhood of the proposed newrajer.

According to Taiwan Power Company planning criteria, the distugsaare based on a
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three-phase fault on different buses near the new wind genestidavefd by removing
the fault at 12-cycle through tripping the line at 7-cycle in k81system. The other
one is followed by clearing the fault at 8-cycle through tripgimgy line at 4-cycle in
345 kV system. The operating condition of each individual case is shown Table 4.7.

Table 4.7 Critical Clear Time of Dynamic Stability Study Cases

Case Critical
Fault Bus NG Trip Line (at 7-cycle) Clear Time| Is Stable?
' (Cycle)
No Fault 1 None None Y
350 2 | A Transformer from bus 1861 to 350 (112 Y
3 A Transformer from bus 350 to 1861 (112 Y
1861 4 A Line from bus 3341 to 1861 12 Y
5 A Line from bus 4705 to 1861 (112 Y
3341 6 A Line from bus 1861 to 3341 12 Y
4705 7 A Line from bus 1861 to 4705 (112 Y
345kV | g |Two 345KV Lines from bus 2000 to 1910 112 Y
Bus
1910 9 Two 345kV Lines from bus 1750 to 1910 (112 Y

The stability results are shown in figures 4.19 to 4.27. It ig flem the results
that all cases remain stable after experiencing a fiirage fault near Datan wind farm

area.
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Figure 4.19 New wind farm is installed at bus 90350. (Case 1 No fault)
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Figure 4.22 Three phase fault is occurred at Bus 1861. A line between bug 3841 t
is tripped at 7-cycle to isolate the fault and clear the fault at 12-¢@dse 4)
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Figure 4.26 Three phase fault is occurred at 345kV Bus 1910. Two linesde
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12-cycle. (Case 8)

53



wl ol
el
sl =
gl g
8| 8
— — —
- om
> a7
SR
A @ o
[ I ] § i
f @ oo
roh : ES
— I ) _ L L : ES
Lo f\ PR E 2 < =9
vy AN e | . @ 20
T [ \/ b |7 - N_
— \ \ {‘ | \\ - ra = =@
oy B B Z &5
Wy E P § Sq
b LR E e
= At = 2 =
i i wr
A ek s %5
SN . = wo
[ | \ 4 2 <o
N\ 1l 5 |z ~ T
I v - 2 B3 S ma
I & o34
| - j >
iR ’1 FE e e . . L 28
/ - B = -
AHM '#\/\ S = =
— | AV = w o=
R N g ez
NETAY o Too=
byt I 2w
[ ] /! — i © =
I | | = N
[ \‘ ) It N
b -
I g
L _ S
b -
e
el e -
S B R R P E— L i B

00 3.DD00 60000 3.0000 1200 15.000
1.5000 4.5000 7.5000 10.500 13.

TIME (SECONDS) SUN, SEP 21 2008 8:07

Figure 4.27 Three phase fault is occurred at 345kV Bus 1910. Two linesde
345kV bus 1750 to 1910 is tripped at 4-cycle to isolate the fault andtbkedault at
12-cycle. (Case 9)

4.4.2.2 Performance Comparison For System With and Without Energgé&tora
Equipments

Figure 4.28 to 4.43 show the generator angel of comparison for sy#i® e
without energy storage during a three phases fault. In all cdmegreen, blue and
yellow lines indicate the generator angel response without esérggge equipments.
The other color lines show the improvement response with energyestdevices.
Their operating conditions are identical to the former threesgshdault study. The
compared results indicate that using the energy storage equipcaentmprove the

power system transient stability during the severe fault.

54



Case 2: Fault @us 350 and trip one line between bus 1861 and 350.
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Figure 4.28 Green and red lines are Bus 711 generator angle. Orange and bare lines
Bus 1001 generator angle. Light blue and yellow are Bus 90350 geraargte (Case 2)
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Case 3: Fault @&us 1861 and trip one line between bus 350 and 1861.

00 €2~ |

000°3h |

13714
ERF]
8002934

(MWO "€ESST :0Y0T W3ILSAS) 3ISHI LHOIT

=
o
Sl
S
»
El
E
=
=
S
E
B
B
w
i
S
=
=
<]
5]
m
w
w
N
n
m
D
&
i
»
1<}
2
S
B
w
b
o
N

6o ———— =
== n

00D ST
52l

0.0 3.0000 5.0000 9.0000 12.000 15.000
1.5000 4.5000 7.5000 10.500 13.500

TIME (SECONDS)

TUE. AUG 19 2008 12:29

Figure 4.30 Green and red lines are Bus 711 generator angle. Orange and bare lines
Bus 1001 generator angle. Light blue and yellow are Bus 90350 geraargte (Case 3)
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Case 4: Fault @&us 1861 and trip one line between bus 3341 and 1861.
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Figure 4.32 Green and red lines are Bus 711 generator angle. Orange and bare lines

Bus 1001 generator angle. Light blue and yellow are Bus 90350 garemngte (Case 4)
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Case 5: Fault @&us 1861 and trip one line between bus 4705 and 1861.
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Figure 4.34 Green and red lines are Bus 711 generator angle. Orange and bare lines
Bus 1001 generator angle. Light blue and yellow are Bus 90350 gereergte (Case 5)
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Case 6: Fault @us 3341 and trip one line between bus 1861 and 3341.
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Case 7: Fault @us 4705 and trip one line between bus 1861 and 4705.
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Case 8: Fault @&us 1910 and trip two 345 kV line (N-2) between bus 2000 and 1910.
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Figure 4.40 Green and red lines are Bus 711 generator angle, Orange and bare lines
Bus 1001 generator angle. Light blue and yellow are Bus 90350 geraargte (Case 8)
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Case 9: Fault @&us 1910 and trip two 345 kV line (N-2) between bus 1750 and 1910.
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Figure 4.42 Green and red lines are Bus 711 generator angle. Orange and bare lines
Bus 1001 generator angle. Light blue and yellow are Bus 90350 garemngte (Case 9)
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CHAPTER 5

CONCLUSION

Unlike coal, wind generation produces no air emission or solid waAtiesl
generation is the fastest growing renewable energy saliraver the world with an
average annual growth rate of more than 26 % since 1990 [22]. Annodl wi
generation markets have been increasing by an average of 24.7%elastt5 years.
Global Wind Energy Council (GWEC) predicts that the global windketawill reach
240 GW of total installed capacity by the year 2012 [23].

Based on information from studies and operational experience, pbet &
European Wind Energy Association (EWEA) concludes that it is pgbrflasible to
integrate the targeted wind power capacity of 300GW in 2030 — porrdsgg to an
average penetration level of up to 20% [24, 25]. For high penetratiefs lef wind
power, optimization of the integrated system should be explored. @&nwlestablish
strategies to modify system configuration and operation pradtbcascommodate high
level wind penetration.

For storage capacity option, our study reveals that more eseng@ge capacity
and power rating are required if longer stable wind power outpulessred. For
simulation result during wind gust, combining the wind power gemeraystem with

proper energy storage equipments can reduce most of power systématibn. The
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ideal situation is making wind generation as dispatchable unit toedtdacoperating
cost and improve system reliability.

Since it needs significant capital investment for the enetgrage devices,
careful selection on the storage capacity and power ratindgee ftorage devices are
needed. In the future, more and more new energy storage techaoldyize available
for better performance, higher reliability, and lower cost.

This study uses a proposed Datan wind farm in Taiwan Power System as sampl
system to illustrate the procedure to calculate required erstoggige capacity and
charging/discharging power ratings for different desired omeratcenarios [19]. For
the steady state study, after the new wind farm connegfsd, all power facilities and
line power flows have no overloading conditions. And short-circuit curoérall
neighboring buses is under circuit breaker interrupted capachigrefore, it is
determined that the new wind farm will have no adverse impadieostable operation
of the grid.

For the transient stability study, obviously, the benefits of gnetgrage
devices not only to mitigate the most of power system fluctuatiorieg wind gusbut
also to improve the dynamic stability during the severe fault.

5.1 Contribution

The idea of combining wind power generation system with energpgstor
equipments to balance wind power variation is not so new. However, publiskésk s
on capacity of energy storage systems are few. My contsibutithis thesis to research

community is in the following.
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Wind power is intermittent and difficult to predict and control thepoubf the
wind generation. At high penetration level, an extra fast resp@s&eve capacity is
needed to cover shortfall of generation when a sudden deficit of wked taace.
Combining wind generation with energy storage could reduce wind aj&mer
fluctuation uncertainty and provides operational benefits with moderategh price
variations and imbalance costs. It also shifts the generationrpattd smoothes the
variation of wind power over a desired time horizon. It is alsaided to mitigate
possible price hikes or sags.

Since energy storage equipments need significant capital iremstoareful
selection on the storage capacity and power ratings of the stteaiges are needed. It
is important to perform cost benefit analysis to determine paperof energy storage
facilities for the desired operations.

The ideal scenario of combining wind generation with energy stasagnaking
wind generation as dispatchable unit to reduce the operatingrmbsmnparove system

reliability.
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APPENDIX A

PROGRAMMING CODE
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%=== Import the ANN (Artificial Neural Network) forcasting wind powide =====
%-=== To estimate energy storage capacity by using Matlab programmsr=

clc;

clear all;

%=== Users input the forcasting wind power data filename (File format ¥ ==
fprintf("\n\n Welcome to use "Estimate Energy Storage Capaciogram !! \n\n’)
fprintf(' Please input desired wind power file name. (Only Excel File$) \n'
input_filename=input(' The file name format is **.xIs (Such as aaa.x|s.rjust iaaa ):
S,

[gen dates dategen]=xIsread(input_filename);

[raw,col]=size(gen);

MaxGen=max(max(gen));

axis_y_max=round(MaxGen*1.1);

%===== Calculate One Day Average Power =====
p_d_av=mean(gen,2);
for k=1:144
p_day av(:;,k)=p_d_av;
end

%===== Calculate 1 Hour Average Power =====
shift_i=1;
for h=1:6:144
hour=gen(:,h:(h+5));
h_av=mean(hour,?2);
p_days_av(:,shift_i)=p_d_av;
p_hours_av(:,shift_i)=h_av;
for k=h:(h+5)
p_lhour_av(:,k)=h_av;

end
shift_i=shift_i+1;
end
%===== Calculate 2 Hours Average Power =====

for h=1:12:144
hour2=gen(:,h:(h+11));
h2_av=mean(hour2,2);
for k=h:(h+11)
p_2hour_av(:,k)=h2_av;
end
end
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%===== Calculate 6 Hours Average Power =====
for h=1:36:144
hour6=gen(:,h:(h+35));
h6_av=mean(hour6,2);
for k=h:(h+35)
p_6hour_av(:,k)=h6_av;
end

%-===== Calculate 12 Hours Average Power =====
for h=1:72:144
hourl2=gen(:,h:(h+71));
h12_av=mean(hourl2,2);
for k=h:(h+71)
p_12hour_av(:,k)=h12_av;

end
end
%===== Estimate 1 Hour Storage Capacity =====
hlav_minus_gen=p_1lhour_av-gen;
col_s=1;
for h=1:6:144
hour_s=hlav_minus_gen(:,h:(h+5));
for i=1:raw
h_stor(i,:)=0;
for j=1:6
if (hour_s(i,j) > 0)
h_stor(i,:)=h_stor(i)+hour_s(i,));
end
end
end

storage_hourl(:,col_s)=h_stor;
col_s=col_s+1;

end
max_storage hourl=(max(storage hourl,[],2)/6);
%===== Calculate Maximum Charging/Discharging Power of 1 Hour =====

max_power=max(hlav_minus_gen,[],2);
min_power=abs(min(hlav_minus_gen,[],2));
for k=1:raw
if (max_power(k) > min_power(k))
max_power_hourl(k,:)=max_power(k);
else
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max_power_hourl(k,:)=min_power(k);
end
end
max_power_hourl;

%===== Estimate 2 Hours Storage Capacity =====
h2av_minus_gen=p_2hour_av-gen;
col_s=1;
for h=1:12:144
hour_s=h2av_minus_gen(:;,h:(h+11));
for i=1:raw
h2_stor(i,:)=0;
for j=1:12
if (hour_s(i,j) > 0)
h2_stor(i,:)=h2_stor(i)+hour_s(i,));
end
end
end
storage_hour2(:,col_s)=h2_stor;
col_s=col_s+1;

end
max_storage hour2=(max(storage _hour2,[],2)/6);
%===== Calculate Maximum Charging/Discharging Power of 2 Hours =====

max_power=max(h2av_minus_gen,[],2);
min_power=abs(min(h2av_minus_gen,[],2));
for k=1:raw
if (max_power(k) > min_power(k))
max_power_hour2(k,:)=max_power(k);
else
max_power_hour2(k,:)=min_power(k);
end
end
max_power_hour2;

%===== Estimate 6 Hours Storage Capacity =====
h6av_minus_gen=p_6hour_av-gen;
col_s=1;
for h=1:36:144
hour_s=h6av_minus_gen(:,h:(h+35));
for i=1:raw
h6_stor(i,:)=0;
for j=1:36
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if (hour_s(i,j) > 0)
h6_stor(i,:)=h6_stor(i)+hour_s(i,));
end
end
end
storage_hour6(:,col_s)=h6_stor;
col_s=col_s+1;

end
max_storage_hour6=(max(storage_hour6,[],2)/6);
%===== Calculate Maximum Charging/Discharging Power of 6 hours =====

max_power=max(h6av_minus_gen,[],2);
min_power=abs(min(h6av_minus_gen,[],2));
for k=1:raw
if (max_power(k) > min_power(k))
max_power_hour6(k,:)=max_power(k);
else
max_power_hour6(k,:)=min_power(k);
end
end
max_power_hour6;

%===== Estimate One Day Storage Capacity =====
dayav_minus_hourav=p_days_av-p_hours_av;
col_s=1;
hour_s=dayav_minus_hourav;
for i=1:raw
day_stor(i,:)=0;
for j=1:24
if (hour_s(i,j) > 0)
day_stor(i,:)=day_stor(i)+hour_s(i,));
end
end
end
storage_day(:,col_s)=day_stor;
max_storage_day=(max(storage_day,[],2));
%===== Calculate Maximum Charging/Discharging Power of One Day===
dayav_minus_gen=p_day_av-gen;
max_power=max(dayav_minus_gen,[],2);
min_power=abs(min(dayav_minus_gen,[],2));
for k=1:raw
if (max_power(k) > min_power(k))
max_power_day(k,:)=max_power(k);
else
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max_power_day(k,:)=min_power(k);
end
end
max_power_day;

% date_char = char(date);
date_wanted_char=0;
min_date=datestr(dates{1},23);
max_date=datestr(dates{raw},23);
%===== Users indicate what day they want to see or Exit =====
fprintf(\n\n Please input what date would you like to see from %s to %s?
' min_date,max_date)
fprintf('\n Or "Q" and "Enter" for Exit ? ')
date_wanted_char=input(\n The input date format is mm/dd/yyyy : ','s");
while ((date_wanted_char~='Q’) & (date_wanted_char~='q"))
close all;
date_wanted_str=datestr(date_wanted_char,23);
date_wanted_1=0;
for k=1:raw
date_temp=datestr(dates{k},23);
if (date_wanted_str == date_temp)
date_wanted_I=k;

break
else
date_wanted 1=0;
end
end
%===== Figure all result of energy storage estimate
figure('Name',date_wanted_str,'Numbertitle','off','position’,[1 1 1024 700]);
%===== Plot result of energy storage estimate of one hour =====
t=1:144;
subplot(221),plot(t,p_1hour_av(date_wanted _1,:),"-);
hold on;
area(t,p_lhour_av(date_wanted_I,:));
hold on;

colormap summer;

set(gca,'Layer','top");

grid on;

hold on;
plot(t,p_1hour_av(date_wanted_l,:),"g");

hold on;
plot(t,gen(date_wanted_I,:),"-b",'LineWidth',1.5);
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axis([1 144 0 axis_y_max])

set(gca, 'xtick',[1 12 24 36 48 60 72 84 96 108 120 132 144));

xlabel('Time (10 mins)");

ylabel('Power (MW)";

title({'Storage Capacity Estimate of One Hour';['Capacity and. Rawer :
,num2str(max_storage hourl(date_wanted_l)),'MWh,
,num2str(max_power_hourl(date_wanted_I)),MW']});

%===== Plot result of energy storage estimate of 2 hours =====
subplot(222),plot(t,p_2hour_av(date_wanted_1,:),"-");
hold on;
area(t,p_2hour_av(date_wanted_I,:));
hold on;

colormap summer;

set(gca,'Layer’,'top’);

grid on;

hold on;

plot(t,p_2hour_av(date_wanted_l1,:),":g");

hold on;

plot(t,gen(date_wanted_I,:),"-b",'LineWidth’,1.5);

axis([1 144 0 axis_y_max]);

set(gca, 'xtick’,[1 12 24 36 48 60 72 84 96 108 120 132 144));

xlabel('Time (10 mins)");

ylabel('Power (MW)";

title({'Storage Capacity Estimate of 2 Hours';['Capacity and Max. Powe
,num2str(max_storage hour2(date_wanted_1)),'MWh,
,num2str(max_power_hour2(date_wanted_I)),MW']});

%===== Plot result of energy storage estimate of 6 hours =====
subplot(223),plot(t,p_6hour_av(date_wanted_1,:),-);
hold on;
area(t,p_6hour_av(date_wanted_1,:));
hold on;

colormap summer;

set(gca,'Layer’,'top’);

grid on;

hold on;
plot(t,p_6hour_av(date_wanted_l1,:),"g");

hold on;
plot(t,gen(date_wanted_I,:),"-b",'LineWidth’,1.5);
axis([1 144 0 axis_y_max]);

set(gca, 'xtick’,[1 12 24 36 48 60 72 84 96 108 120 132 144));
xlabel('Time (10 mins)");

ylabel('Power (MW)";
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title({'Storage Capacity Estimate of 6 Hours';['Capacity and Max. Powe
', num2str(max_storage_hour6(date_wanted_1)),'MWh,
" num2str(max_power_hour6(date_wanted_I)),MW'});

%===== Plot result of energy storage estimate of one day =====
subplot(224),plot(t,p_day_av(date wanted_I,:),"-";
hold on;
area(t,p_day_av(date_wanted_I,:));
hold on;

colormap summer;

set(gca,'Layer’,'top’);

grid on;

hold on;

plot(t,p_day av(date_wanted_I,:),":g");

hold on;

plot(t,gen(date_wanted_1,:),"-b",'LineWidth',1.5);

axis([1 144 0 axis_y_max]);

set(gca, 'xtick’,[1 12 24 36 48 60 72 84 96 108 120 132 144));

legend('Power w/o Storage','Power w/ Storage','Location’,:Best’)

xlabel('Time (10 mins)";

ylabel('Power (MW)");

title({'Storage Capacity Estimate of One Day’;['Capacity and MaweP:
num2str(max_storage_day(date_wanted_1)),'MWHh,
', num2str(max_power_day(date_wanted_1)), MW});

fprintf('\n\n Please input any other dates you want to see from %s to %s?
', min_date,max_date)

fprintf(\n Or "Q" and "Enter" for Exit ? )

date_wanted_char=input(\n The input date format is mm/dd/yyyy : ','s");
end
fprintf("\n\n")
fprintf(‘"Thank you for using "Estimate Energy Storage Capacity" programint)

% End of the programming
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